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Using experimental data and the TRNSYS (a transient system simulation 
program) simulation environment the behavior of solar thermal system is 
studied under various conditions. One system consists of evacuated tube 
collectors having aperture area of 15 m
2
 and a storage tank of volume 0.315 m
3
. 
Firstly, the system is modeled with TRNSYS and several independent variables 
like ambient temperature, solar irradiance etc. are used as inputs. Outputs of the 
simulation (e.g. collector outlet temperature, tank temperature etc.) are then 
compared with the experimental results. After successful validation, the 
prepared model is utilized to determine the optimum operating conditions for 
the system to supply the regeneration heat required by a special air 
dehumidification unit installed at the laboratory of the Solar Energy Research 
Institute of Singapore (SERIS). Using the meteorological data of Singapore, 
provided by SERIS, the annual solar fraction of the system is calculated. An 
economic analysis based on Singapore’s electricity prices is presented and the 
scheme of payback period and life cycle savings is used to find out the optimum 
parameters of the system. The pump speeds of the solar collector installation are 
set within the prescribed limits set by the American Society of Heating, 
Refrigerating and Air-conditioning Engineers (ASHRAE) and optimized in 
order to meet the energy demand. Finally, the annual average system efficiency 
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of the solar heat powered dehumidification system is calculated and found to be 
26%; the system achieves an annual average solar fraction of 0.78.  
 Furthermore, a stand-alone flat plate collector system is also studied under the 
meteorological condition of Singapore. The system comprises 1.87 m
2
 of 
collector area and a storage tank of 0.181 m
3
. A TRNSYS simulation model of 
the system is prepared and also validated with the experimental data. An 
economic analysis is also done for the flat plate collectors. The system is then 
optimized with the flat plate collectors to supply the heat, required for the 
regeneration process of the desiccant dehumidifier, on the basis of payback 
period and life cycle savings. 
Finally, a methodology is developed to test an evacuated tube collector and 
determine its various parameters in the user end. For this, a dynamic model of 
the evacuated tube collector is prepared with the MATLAB simulation 
environment. A successful validation of the dynamic model leads to the 
determination of various collector parameters. The validated model is also 
utilized to acquire the collector’s characteristic efficiency curves and to estimate 
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Symbols Description Unit 
a Global heat loss coefficient W/(m
2
 K) 











b0 Incidence angle modifier constant Dimensionless 
c Constants - 
Caux,misc 
Cost of auxiliary heater and miscellaneous 
items 
S$ 
Ccoll Collector cost coefficient S$/m
2
 
Cconv Cost of conventional energy plant S$ 
Ce Electricity cost coefficient S$/kWh 
Cp Specific heat capacity J/kg K 
Cpump,ins 
Cost of pumps, support structures and 
instrumentation 
S$ 
CRF Capital recovery factor Dimensionless 
Csolar Total cost of SHWP S$ 
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Cstor Storage tank cost coefficient S$/m
3
 
Cunit Cost to produce unit energy S$/kWh 
d Diameter m 
e Electricity inflation rate Dimensionless 
FR Collector heat removal factor Dimensionless 
G Solar irradiance W/m
2
 
h Heat transfer coefficient W/(m
2
 K) 
Hstor Height of storage tank m 
i Interest rate Dimensionless 
i′ Effective interest rate Dimensionless 
i″ Effective interest rate for electricity Dimensionless 
I Radiant exposure J/m
2
 
j Inflation rate Dimensionless 
Kl Incidence angle modifier in longitudinal plane Dimensionless 
Kt Incidence angle modifier in transverse plane Dimensionless 
Kτα Incidence angle modifier Dimensionless 
LCC Life cycle cost S$/a 
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LCS Life cycle savings S$/a 
 m  Mass flow rate kg/h 
n Life cycle of plant a 
p Constant - 
PBP Payback period a 
Q Energy flux W 
Qdemand Power demand from the plant W 
QT Incident solar radiation flux W 
Qu Power Gain W 
R Resistance to heat transfer m
2
 K/W 
SF Solar fraction Dimensionless 
t Time s or h or a 
T Temperature K or ˚C 
Tm Mean water temperature in the collector 
K or ˚C 
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v Wind speed m/s 
Vstor Storage tank volume m
3
 





   
Greek symbols   
α Optical absorptance Dimensionless 
β Collector slope ° 
δ Thickness m 
ψ Wavelength m 
v Wind speed m/s 
ε Infrared emittance Dimensionless 
ρ Density kg/m3 
λ Latitude ° 
η Collector efficiency Dimensionless 
η0 Optical efficiency Dimensionless 
κ Thermal conductivity W/(m k) 
φ Azimuth angle ° 
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σ Stefan-Boltzmann constant W/(m2 K4) 
θ Incidence angle ° 
τ Transmittance Dimensionless 
τ α Transmittance-absorptance product Dimensionless 
μ Cosine of the polar angle Dimensionless 
   
Subscripts   
a Ambient  
abs Absorbed  
air Air  
c Absorber  
eff Effective  
exp Experimental results  
f Fluid  
g Glass cover  
i Inlet  
inc Incident  
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m Mean  
n Normal  
o Outlet  
r Radiative  
sim Simulation results  
sky Sky  
   
Abbreviations   
ASHRAE 
American Society of Heating, Refrigerating 
and Air-conditioning Engineers 
 
CPC Compound Parabolic Collector  
CTC Cylindrical Trough Collector  
DHW Domestic Hot Water  
ECOS Evaporatively COoled Sorptive  
ETC Evacuated Tube Collector  
FPC Flat Plate Collector  
GUI Graphical User Interface  
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HFC Heliostat Field Collector  
IAM Incident Angle Modifier  
IEA International Energy Agency  
LFR Linear Fresnel Reflector  
NI National Instruments  
PDR Parabolic Dish Reflector  
PLC Programmable Logic Control  
PTC Parabolic Trough Collector  
R&D Research and Development  
RTD Resistance Temperature Detector  
SERIS Solar Energy Research Institute of Singapore  
SHC Solar Heating and Cooling  
SHWP Solar Hot Water Plant  
SWH Solar Water Heater  
VI Virtual Instrumentation  
VSD Variable Speed Drive  
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CHAPTER 1  INTRODUCTION 
 
1.1 Background 
Effective utilization of solar energy would lead to reduction of fossil energy consumption for 
our daily life and provide clean environment for human beings. In addition, the global fossil 
energy depletion problem paves the way for solar energy as an alternative power source. That 
is why, solar Energy becomes more and more popular, and special attention has been paid 
increasingly in solar energy applications. The applications include- a) photosynthesis, b) solar 
photovoltaic and c) solar thermal [1]. Photosynthesis involves growing crops, to be burned to 
produce heat energy that can be utilized to power a heat engine or turn a generator. 
Photosynthesis can also be utilized to produce biofuel. The advantage of biofuel is that, it can 
be stored, transported and burned or used in fuel cells. Oil, coal and natural gas and woods 
were originally produced by photosynthetic processes followed by complex chemical 
reactions [2]. Sunlight can directly be converted to electricity by using solar PV 
(photovoltaic) panels. The produced electricity can be directly used or may be stored in 
batteries. Finally solar thermal system utilizes solar radiation to produce heat energy that 
involves the use of solar thermal collectors. The present study focuses on this solar thermal 
system, especially on the optimization of the system for tropical environment of Singapore. 
Solar energy is a time dependent renewable energy source and the energy needed for 
applications (in the context of this work: thermal energy requirement for SERIS’ solar 
desiccant air conditioning system) varies with time. The collection of solar energy and 
storage of collected thermal energy are needed to meet the energy needs for applications. A 
solar thermal system including a solar collector field and hot water storage tanks is, thus, 
analyzed. The function of the solar collector field is to collect solar energy as much as 
possible, and convert it to the thermal energy without excessive heat loss. The collected 
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thermal energy is, then, stored in a storage tank, and the tank serves as the heat source for a 
specific application (e.g., domestic hot water (DHW) or thermal energy input for a desiccant 
dehumidification system). Some heat powered application, e.g., the organic Rankine cycle 
needs relative high temperature, which can be achieved using concentrating solar collectors; 
while space heating or domestic hot water usage need lower temperature water. 
There are many types of solar collectors available in market, e.g., flat plate solar collectors, 
evacuated tube solar collectors and concentrating solar collector. To achieve the desired heat 
generation, the area and tilt angle of solar collector and the volume of the hot water storage 
tank have to be designed properly. In addition, parameters such as day-to-day weather 
conditions, variation of solar energy and the changing of the seasons should be considered 
during the design stage. The solar collector system in this study is especially designed and 
analyzed for the application of desiccant air-conditioning system in Singapore. 
 
1.2 Literature review 
Due to increasing cost of fossil fuels, research and development in the field of renewable 
energy resources and systems is carried out during the last two decades in order to make it 
sustainable. Energy conversions that are based on renewable energy technologies are 
gradually becoming cost effective compared to the projected high cost of oil. They also have 
other benefits on environmental, economic and political issues of the world. According to the 
prediction of Johanson et al. [3], the global consumption of renewable sources will reach 318 
exajoules (1EJ = 10
18
 Joules) by 2050. 
The early work of solar energy theory was done by pioneers of solar energy including Hottel 
(Hottel and Woertz 1942 [4], Hottel 1954 [5], Hottel and Erway 1963 [6]), Whillier (Hottel 
and Whillier 1955 [7]), Bliss (Bliss 1959 [8]). These studies are summarized and presented in 
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the form of a book by Duffie and Beckman (1974) [9]. The demand for solar collectors is 
rapidly increasing in recent years. Therefore, extensive researches on different types of solar 
thermal collectors are being carried out throughout the world. The literature review of the 
current study is subdivided into 3 categories namely, a) solar thermal collectors, b) modeling, 
simulation and optimization and c) meteorological condition of Singapore. 
 
1.2.1 Solar thermal collectors 
The manufacture of solar water heaters (SWH) began in the early 60s [10]. The industry 
expanded rapidly in different parts of the world. Typical SWH in many cases are of the 
thermosyphon type and consist of solar collectors, hot water storage tank- all installed on the 
same platform. Another type of SHW is the forced circulation type in which only the 
collectors are placed on the roof. The hot water storage tanks are located indoors and the 
system is completed with piping, pump and a differential thermostat. This latter type is more 
attractive due to architectural and aesthetic reasons. However, it is also more expensive 
especially for small-size installations. 
Different types of solar thermal collectors are used to perform various applications. 
Kalogirou [10] classified the collectors based on their motion, i.e. stationary, single axis 
tracking and two-axis tracking (see Table 1.1). The stationary collectors are permanently 
fixed in position and require no tracking of the sun. However, the other two types track the 
sun in one or more axes. He also showed various applications of these collectors such as solar 
water heating which comprise thermosyphon, integrated collector storage, space heating and 
cooling which comprise heat pumps, refrigeration, industrial process heat which comprise 
steam generation systems, desalination etc. 
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Table 1.1 Solar thermal collectors [10] 









Flat plate collector (FPC) Flat 1 30-80 
Evacuated tube collector (ETC) Flat 1 50-200 
Compound parabolic collector 
(CPC) 
Tubular 1-5 60-240 
Single-axis 
tracking 
Linear Fresnel reflector (LFR) Tubular 10-40 60-250 
Parabolic trough collector (PTC) Tubular 15-45 60-300 
Cylindrical trough collector 
(CTC) 
Tubular 10-50 60-300 
Two-axes 
tracking 
Parabolic dish reflector (PDR) Small area 100-1000 100-500 
Heliostat field collector (HFC) Small area 100-1500 150-2000 
 
The concentration ratio is defined as the ratio of aperture area to the absorber area of the 
collector. It gives an indication of the amount of solar energy that can be concentrated to raise 
the temperature of working fluid. 
Another parameter that needs to be defined is the absorptance α, of a collector. The 
monochromatic directional absorptance is a property of a surface and is defined as the 
fraction of the incident radiation of wavelength ψ from the direction μ, φ (where μ is the 
cosine of the polar angle and φ is the azimuth angle) that is absorbed by the surface [11]. 
Mathematically it can be presented by  


















  (1.1) 
where, I is the radiant exposure in J/m
2
 and subscripts ‘abs’ and ‘inc’ represent absorbed and 
incident respectively. 
Furthermore, the monochromatic directional emittance ε, of a surface is defined as the ratio of 
the monochromatic intensity emitted by a surface in a particular direction to the 
monochromatic intensity that would be emitted by a blackbody at the same temperature [11]. 











     (1.2) 
where, subscript b represents the blackbody. 
Solar collectors must have high absorptance for radiation in the solar energy spectrum [11]. 
They must also possess low emittance for long wave radiation (near infrared region) in order 
to keep the losses to a minimum. 




Figure 1.1 Pictorial view of a flat-plate collector [10] 
 
Considering low temperature application, FPCs are the most widely used type of solar 
collectors in the world. As shown in Figure 1.1 the main components [10] of a typical flat 
plate collectors are: 
 Glazing: Glass has been widely used to glaze solar collectors because it can transmit 
about 90% of the incoming short wave solar irradiation while transmitting virtually 
none of the longwave radiation emitted outward by the absorber plate. Different types 
of coatings and surface textures are used to increase the surface’ absorptance for solar 
radiation. The commercially available window and green-house glass have normal 
incidence transmittances of about 0.87 and 0.85 respectively. For direct radiation, this 
transmittance varies considerably with the angle of incidence  [12]. 
 Tubes or fins: Tubes provide the passage for the heat transfer fluid to flow from inlet 
to outlet. Fins with high thermal conductivity are used for conducting the absorbed 
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heat to the tubes containing the fluid. An important design criterion of the collector is 
to maintain minimum temperature difference between the absorber surface and the 
fluid, so that the heat loss to the surrounding is a minimum. 
 Absorber plate: It supports the tubes, fins or passages and may be integral with the 
tubes. Copper, aluminium and stainless steels are the three most common materials 
used to make collector plates. 
 Header or manifold: To admit and discharge the fluid. 
 Insulation: Insulation is used to minimize the heat loss from the back and side of the 
collector. 
 Container or casing: It surrounds all the above components and keeps the system free 
from dust, moisture etc. 
Matrawy et al. [13] found that different configurations of flat plate collectors affect the 
collector performance most significantly. Selective surfaces also play an important role in 
designing an efficient solar collector. Typical selective surfaces use a thin upper layer, which 
is highly absorbent to the short wave (visible to near infra-red) solar radiation as well as 
characterized by low emissivity to the longwave thermal radiation. This layer is deposited on 
the absorber surface of the collector. It has a high reflectance and thus a low emittance for 
longwave radiation. Electroplating, anodization, evaporation, sputtering or application of 
solar selective paints are the most common methods used in the production of commercial 
solar absorbers. In an experimental study carried out by Hawlader et al. [14], it was found 
that, generally, the unglazed collector performed better than the glazed under low temperature 
conditions. 
A combination of selective surface and effective convection suppressor is utilized in an 
evacuated tube collector which shows good performance at high temperatures [12]. The ETC 
is composed of an absorber plate attached to a heat pipe inside a vacuum-sealed tube. A 
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schematic diagram of a heat pipe ETC is shown in Figure 1.2. The heat pipe contains a small 




Figure 1.2 Schematic diagram of a heat pipe evacuated tube collector (ETC)[10] 
During the day time, the absorber plate collects both direct and diffuse radiation, and the 
absorbed heat is transferred to the thermal-transfer-fluid inside the heat pipe for evaporations. 
Thus, the evaporated vapor travels upward to the heat sink (i.e, water/glycol flow linked to 
the metal tip of each evacuated tube collector) where the evaporated vapor condenses by 
releasing its latent heat. The thermal-transfer-fluid after condensing returns back to the solar 
collector for the solar heat collection again. The heat loss from the ETC to the environment 
(convection and conduction losses) is minimal because of the vacuum that surrounds the 
absorber plate and the heat pipe. As a result, a greater efficiency can be achieved compared to 
the FPC.  
Up 
Down 
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In the last two decades many designs have been proposed and tested in order to improve the 
heat transfer between the absorber and working fluid of a collector. Yeh et al. [15] and 
Hachemi [16] suggested the use of absorber with fins attached. Hollands [17] studied the 
emittance and absorption properties of corrugated absorber. Materials of different shapes, 
dimensions and layouts have been studied and utilized to enhance the thermal performance of 
solar collectors. Traditional solar collectors are single phase collectors, in which the working 
fluid is either air or water. Chowdhury et al. [18] analyzed the performance of solar air heater 
for low temperature application. Karim et al. [19] studied the performance of a v-groove solar 
air collector. They also performed a review of design and construction of three types (flat, v-
grooved and finned) of air collectors [20]. 
On the other hand, evacuated tube collectors, in which the fluid moves through the tube in 
two phases, have significant potential for continuous operation round the clock. In the two-
phase flow literature, two models of calculating pressure drop are most widely used and they 
are known as Martinelli Nelson's [21] method for separated flows and Owen's homogeneous 
equilibrium model for misty or bubbly flow [22]. The homogeneous equilibrium model 
makes the basic assumption that the two phases have the same velocity. Considering such 
homogeneous equilibrium two-phase model, Chaturvedi et al. [23] carried out preliminary 
theoretical performance studies concerning a solar-assisted heat pump that uses a bare 
collector as the evaporator. However, his analysis has the limitation of a constant temperature 
evaporator with no superheating or sub cooling. Ramos et al.[24] also performed theoretical 
investigation on two-phase collectors assuming laminar homogeneous flow and in their 
experiments they also ensured the flow to be laminar. Mathur et al. [25] developed a method 
to calculate the boiling heat transfer coefficient in two phase thermosyphon loop. A 
thermodynamic model to analyze two-phase solar collector was developed by Chaturvedi et 
al.[26]. 
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All the above described methods of analyses assumed homogeneous flow in two-phase 
mixtures. Yilmaz [27] showed that the homogenous model is not sufficient to describe the 
two phase flow in the collector. He developed a theoretical model concerning non-
homogenous two-phase thermosyphon flow inside the collector in which, variation of 
properties of the working fluid and water with temperature are taken into account.  
1.2.2 Modeling, simulation and optimization 
Design and optimization of the solar thermal system have almost always been done using 
correlation and simulation based methods. Different scientists developed different correlation 
based methods to design the solar hot water systems. These methods include the   method 
developed by Hottel and Whillier [7], the generalized   method by Liu and Jordan [28], the 
  method by Klein [29], the f-chart method developed by Klein et al. [30], the  ,  f-chart 
method by Klein and Beckman [31] etc. After all these pioneering works the   method [32, 
33], the f-chart method [34-36] and the  ,  f-chart method [37, 38] have widely been used to 
design solar thermal systems. However, none of these methods is free from limitations [10, 
11]. 
Simulation based design methods have gained popularity with the development of various 
simulation programs. The computer modeling of solar thermal systems is proved to be 
advantageous in many aspects and the most important benefits include [39], 
 Optimization of the system components. 
 Cost of building prototypes gets eliminated. 
 Complex systems can be made easily understandable as the models can provide 
thorough understanding of the system operation and component interactions. 
 The amount of energy delivery from the system can be easily estimated. 
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 Provides temperature variation of the system subjected to particular weather 
conditions. 
 Estimation of the effects of design variable changes on system performance. 
The limitations of computer modeling include [10] limited flexibility for design optimization, 
lack of control over assumptions and analysis of a limited selection of systems. 
The computer modeling of a system is done by using a simulation program. A wide variety of 
simulation programs such as TRNSYS [40], WATSUN [41], SOLCHIPS [42, 43], MINSUN 
[44], and Polysun [45] are available in the market. MATLAB is another high-level language 
in which modeling and simulation can be performed by developing proper algorithms for a 
system. Among all these simulation programs, TRNSYS is the most widely used one for 
design and optimization of solar thermal systems [5, 11, 40, 46-48]. 
TRNSYS [40] is a transient simulation program developed at the University of Wisconsin by 
the members of the Solar Energy Laboratory. It can provide quasi-steady simulation model of 
a system by interconnecting all the system components, called subsystems, in any desired 
manner. The subsystem components include solar collectors, storage tanks, pumps, valves, 
heat exchangers, differential controllers and many more. The problem of solving the entire 
system model is reduced to a problem of identifying all the components that comprise the 
particular system and formulating mathematical description of each. An information flow 
diagram can describe how all these components are connected to each other. All the 
components may have a number of constant parameters and time dependent INPUTS. The 
time dependent OUTPUT of a component can be used as an INPUT to any number of other 
components. The INPUTS, like weather data of a particular geographic location, can also be 
extracted from an external source. 
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Validation of a TRNSYS simulation model is usually conducted to find out the degree of 
agreement of the results of a particular simulation model to the results of a physical system. 
By analyzing the results of the validation studies, Kreider and Kreith in their Solar Energy 
Handbook [49] showed that the TRNSYS model provides results with a mean error between 
the simulation results and the measured results on actual operating systems under 10%. 
Kalogirou [10] also used TRNSYS for the modeling of a thermosyphon solar water heater 
and found it to be accurate within 4.7%. Thus optimization based on TRNSYS results has 
gained popularity among the researchers and engineers. 
Many scientists performed this optimization of solar thermal system by optimizing a certain 
objective function, such as annual efficiency and solar fraction, as chosen by Matrawy and 
Farkas [50]. Considering practical applications, economic evaluation has become an 
important consideration among the engineers. Hawlader [51], Kulkarni et al. [52] considered 
lowest annualized life cycle cost as their main objective of optimization. Gordon and Rabl 
[32] considered life cycle savings and internal rate of return as important criteria in their 
design and optimization of solar industrial process heat plants. Kim et al. [53] studied the 
performance of a solar hot water plant located at Changi International Airport Services, 
Singapore in order to have a better payback period. 
For the optimization of collector orientation, i.e., optimization of the azimuth φ and tilt angle 
β of the collector, the geographic location of the installation plays the most important role. 
For the optimization of azimuth angle φ, it is generally taken as a ‘rule of thumb’ that the 
collectors should be tilted towards the equator [54], i.e., towards the south in the northern 
hemisphere and north in the southern hemisphere. There are many approaches taken by the 
researchers all over the world to determine the optimum collector inclination β. The common 
approaches include calculating the angle which maximizes the radiation received by the 
collectors and the angle at which maximum solar fraction is achieved from the solar thermal 
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system. That is why, almost every researcher relates the optimum tilt angle with the latitude 
λ. Some of the results of their researches are λ+20˚ [5], λ+(10 to 30˚) [55], λ+10˚ [56]. 
Ladsaongikar and Parikh [57] obtained the optimum tilt angle as a function of latitude and 
declination angle. They also concluded that it is more advantageous to tilt the collector 
surfaces with the horizontal more during autumn and winter than summer. Yellott [58] and 
Lewis [59] recommended two values for the optimum tilt angles, one for winter and one for 
summer; their suggestions are λ±20˚ and λ±8˚ respectively, ‘+’ for winter and ‘-’ for summer. 
In the past few years, computer programs have been extensively used to analyze the data and 
the results have shown that the optimum tilt angle of the collector is almost equal to the 
latitude [60-63]. 
 
1.2.3 Meteorological condition of Singapore 
Meteorological data are very important in order to get accurate output from the simulation 
model and to determine the actual thermal performance and optimum size of the system. 
Singapore is a country located near equator (1°N, 103°E). Due to its geographic location it 
experiences moderately uniform temperature throughout the year. The mean annual 
temperature is 27.5˚C and the mean maximum and minimum daily temperature are 31.5˚C 
and 24.7˚C, respectively [64]. Table 1.2 shows the month-wise daily mean temperature data 
presented by National Environment Agency, Singapore. 




Daily Mean (˚C) 
Mean Daily 
Maximum (˚C) 
January 23.9 26.5 30.3 
February 24.3 27.1 31.6 
March 24.6 27.5 32.0 
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April 25.0 27.9 32.3 
May 25.4 28.3 32.1 
June 25.4 28.3 31.9 
July 25.1 27.9 31.4 
August 25.0 27.8 31.4 
September 24.8 27.6 31.4 
October 24.7 27.6 31.7 
November 24.3 27.0 31.1 
December 24.0 26.4 30.2 
Table 1.2 was prepared calculating the average of daily mean, minimum and maximum 
temperature for each month for the 27 year period (1982-2008). 
The relative humidity (RH) of Singapore is generally high and in contrast to temperature, 
large diurnal variation in relative humidity is observed. In the early hours of the morning the 
RH of Singapore is around 90% and it drops to around 60% in the afternoon. The lowest 
relative humidity experienced over 48 years is 33% while the annual mean value is 84% over 
the same period [64]. 
Singapore experiences plenty of rainfall throughout the year. It is, generally, accepted that, 
when seasonal variation is mentioned, it refers to the dominance of the prevailing wind at the 
time of the year. The two main seasons are Northeast monsoon, that starts in late November 
and ends in March, and Southeast monsoon, that usually starts in the second half of May and 
ends in September. In between these two seasons, there are shorter inter monsoon periods. 
Rain frequently occurs during the early part of Northeast monsoon. The annual mean rainfall 
is 2191.5 mm [64]. The month of December consistently shows itself as the wettest month of 
the year with a mean total raindays of 18.5; while February, generally, has the lowest average 
monthly rainfall with a mean total raindays of 8.1. 
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In the prepared TRNSYS simulation model, meteorological data are collected from Solar 
Energy Research Institute of Singapore (SERIS). The data are recorded in every 1 minute 
interval for the whole year of 2011. The results of the simulation are thus obtained for one 
complete year in Singapore. 
 
1.3 Objectives 
The objectives of the present work are as follows 
1. To conduct a series of experiments on the evacuated tube collector system for 
applications, in the range of 50 to 80˚C, in order to evaluate its performance. 
2. To develop a TRNSYS simulation model of the installed system in SERIS and 
validate it with the experimental data. 
3. To determine the optimum design parameters (i.e. collector aperture area, tilt angle, 
storage tank volume etc.) of the solar thermal system based on year around 
performance under the meteorological condition of Singapore, for supplying the 
regeneration heat required by a desiccant dehumidification system. 
4. To design and construct a flat plate collector system and conduct experiments on it to 
compare flat plate collectors’ performance with the performance of evacuated tube 
collectors. 
5. To develop a TRNSYS simulation model of the flat plate collector system and 
validate it with the experimental data. 
6. To develop a methodology to determine parameters of evacuated tube collectors by 
preparing a dynamic model using MATLAB simulation environment. 
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1.4 Thesis organization 
 
The thesis consists of 6 chapters.  
Chapter 1 presents the introduction. 
Chapter 2 presents mathematical equations used to model the solar thermal system. 
Chapter 3 describes the evacuated tube collector system that is being used in the laboratory of 
the Solar Energy Research Institute of Singapore. It also presents modeling of the 
system using TRNSYS simulation environment. The results of the simulation are 
analyzed and optimization of the system is also performed in this chapter. 
Chapter 4 describes the flat plate collector system and its TRNSYS simulation modeling. 
Optimization of the system is done based on the TRNSYS simulation result. 
Chapter 5 describes a dynamic model of evacuated tube collector prepared with MATLAB 
simulation environment. 
Chapter 6 presents the conclusion where the whole work is summarized. 
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CHAPTER 2  SOLAR THERMAL SYSTEM 
 
Mathematical modeling for the solar collectors, the hot water piping and the hot water storage 
tanks is established in order to reflect the actual system, installed in the laboratory of Solar 
Energy Research Institute of Singapore (SERIS). The economic analysis, used to optimize the 
solar thermal system, is also explained in the last section of this chapter. 
2.1 Flat plate solar collector 
The thermal energy lost from the collector to surroundings by conduction, convection and 
infrared radiation can be represented as a product of a heat transfer coefficient UL times the 
difference between mean absorber plate temperature Tc and ambient air temperature Ta [11]. 
The useful energy gain Qu then becomes, 
 u c S L c aQ A G U T T      (2.1)  
where, Ac is the aperture area. The absorbed energy GS is distributed to useful energy gain 
and thermal losses through top and bottom of the collector. 
( )S effG G   (2.2) ) 
where G is the solar irradiance in W/m
2
, ( )eff  is effective transmittance-absorptance 
coefficient [11]. The effective transmittance-absorptance coefficient is dependent on the 
angle incident, and the material properties of the solar collector. It can be different from one 
solar collector to another. Furthermore, an angular performance factor called incidence angle 
modifier is introduced for the approximation of ( )eff :  










  (2.3) ) 
where ( )n  is vertical (“normal”) transmittance-absorptance product to the collector 
surface. To find out the overall heat transfer coefficient UL, let us consider a flat plate 














Figure 2.1 Thermal model for a two-cover flat plate solar collector: (a) in terms of 
conduction, convection and radiation resistance; (b) in terms of resistances between plates 
[11]. Absorbed energy Gs contributes to the energy gain Qu of the collector after a portion of 
it getting lost to the ambient through the top and bottom of the collector. 
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In Figure 2.1, Tp is the plate temperature at some typical location. Heat loss from the top is 
the summation of convection and radiation losses between parallel plates. The steady state 
energy transfer between the plate at Tp and the first cover at temperature Tc1 is essentially the 
same as between any other two adjacent covers and is also equal to the energy lost to the 
surroundings from the top cover. Thus, the heat loss from the top of the collector can be 
expressed by  
4 4
1







top coll c p c p c
p c
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where, hc,p-c1 is the convection heat transfer coefficient between two inclined parallel plates, 
εp and εc1 are the directional emittances of absorber plate and cover 1 respectively. σ is the 
Stefan-Boltzmann constant and it is equal to 85.6697 10 W/(m
2
 ˚C4). Now considering 
radiation heat transfer coefficient hr,p-c1, the heat loss through the top becomes, 
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Thus the resistance R3 of Figure 2.1(b) can be expressed as, 
3
, 1 , 1
1





 (2.7)  
A similar expression can be written for R2, the resistance between the covers. In fact, there 
may be more covers in the collectors, but the equations for the resistances between them will 
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be of the same form as Equation 2.7. Most collectors use one cover, however the practical 
limit is two [11]. 
In addition to that, the resistance to heat loss from the top cover to the surroundings is also of 









 (2.8)  
Here, radiation resistance from the top cover accounts for radiation exchange with the sky at 
Tsky. For convenience, this resistance is used with reference to the ambient temperature Ta and 
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 (2.9)  
Under free-convection conditions, the convection heat transfer coefficient hw has a minimum 
value of about 5 W/(m
2
 ˚C) for a 25˚C temperature difference and a value of about 4 W/(m2 
˚C) at a temperature difference of about 10˚C [11]. For forced-convection conditions, 















  (2.10)  
where, v is the wind speed in m/s, v0 = 1 m/s, c0 = 8.6 W/(m
2
 ˚C), L is the cubic root of the 
collector house volume in m and L0 = 1 m. 
When free and forced convection occurs simultaneously, McAdams [66] suggests that, both 
values need to be calculated and the larger value should be used for calculations. Since 
minimum value of approximately 5 W/(m
2
 ˚C) is observed in solar collectors under still air 
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 ˚C) (2.11)  
Finally for the two-cover system, the top loss coefficient from the collector to the ambient 








 (2.12)  











   (2.13)  
where, ,ins coll and δins,coll are the insulation thermal conductivity and thickness, respectively. 
The heat loss through the edges of the collector is very small in comparison with the other 
losses. That is why, for a well-designed system, it is not necessary to predict it with great 










  (2.14)  
Finally the overall heat transfer coefficient is the summation of top, bottom and edge loss 
coefficients, 
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, , ,L top coll bot coll edge collU U U U    (2.15)  
Moreover, for flat plate collectors with flat covers, the angular dependence of incidence angle 







    (2.16)  
where, θ is the angle of incidence and b0 is a constant called the incidence angle modifier 
constant which has a positive value [12]. 
 
2.2 Evacuated tube solar collector 
The evacuated tube collector transforms solar energy to heat energy, and the collector 
performance is usually determined by the efficiency described as the ratio of the useful gain (





    
(2.17) ) 
where    is the efficiency, G  is solar irradiance in W/m2, and cA  is the absorber plate area 
of the evacuated tube solar collector. 
It is observed that the heat transfer processes inside an evacuated tube solar collector is very 
complicated [68]. The simplified thermal network for an evacuated tube solar collector is 
















Figure 2.2 Thermal model for the heat transfer of a typical evacuated tube collector. The 
solar energy absorbed by the plate is transferred to the fluid in heat pipe and finally to the 
incoming fluid (water to be heated in current context) in the manifold after considering losses 
QL to the ambient environment. 
 
The useful heat gain by the solar collector ( uQ ) at steady state conditions can be expressed as 
shown in Equation 2.1, 
 u c S L c aQ A G U T T       
where cA  is the absorber plate area, cT  is mean absorber plate temperature, aT  is ambient air 
temperature, LU  is a heat transfer coefficient from the collector to the ambient and SG  is the 
absorbed solar radiation in consideration of the optical losses. 
For evacuated tube solar collectors, biaxial incidence angle modifiers - the incidence angle 
modifier in transverse plane tK  and in longitudinal plane lK  - are usually used [7], and the 










   (2.18) ) 
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The heat transfer rate from the collector plate to the heat-transfer fluid inside the heat pipe 
can be represented by the equation (see Figure 2.2), 
( - )c h e C c hQ h A T T   (2.19) ) 
where hT is the temperature of heat-transfer fluid, and  c hQ   and eh are the heat transfer rate 
and  the heat transfer coefficient from the absorber plate to the fluid inside the heat pipe 
Assuming u c hQ Q  , and eliminating Tc from (2.19) we get, 
/
[ ( ) ( )]
/ 1
e L
c h C eff L h a
e L
h U
Q A G U T T
h U
   

 (2.20) ) 
The steady state of heat transfer between the heat-transfer fluid and the manifold fluid, i.e., 
water, can be represented by the equation, 
 h m h m h m h wQ h A T T     (2.21) ) 
where h mQ   and h mh   are the heat transfer rate and heat transfer coefficient between the 
heat-transfer-fluid and the water in manifold, and h mA   is the area of heat pipe exposed to the 
manifold fluid. 
Again, it is assumed that h m c hQ Q  , and eliminating Th from equation (2.20) and (2.21), 
we have  
[ ( ) ( )]
( / ) ( / 1)
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L C h m h m L e
F
U A h A U h 

 
 is the heat removal factor and it is dependent 
on the three ratios - UL/he, UL/hh-m and Ah-m/Ac. It can be defined as the ratio of the actual 
amount of heat transferred to the collector fluid to the heat which would be transferred if the 
entire collector was at the fluid inlet temperature. 
Using the above equations, Eq. (2.15) can be written as [7] 
( )






   (2.23) ) 
It is observed that the steady state efficiency of the evacuated tube solar collector becomes a 
linear nature including the efficiency of optimal and thermal parameters. rF  is a function of 
all the temperatures and LU  is a function of collector plate temperature, ambient temperature 
and wind speed. In real application, these efficiency data may not be linear and additional 
methods of treating data may be required. Mathematically, it is difficult to solve. To 
overcome, Cooper and Dunkle [47] proposed the collector efficiency as a second order fit, 
assuming that  
( ).r L w aF U a b T T    (2.24)  
Substituting Equation (2.24) into Equation (2.23), we have  




w a w a
r eff






    (2.25)  
where 0 , a and b are constants and can be derived from the test data. Usually these constant 
values can be found from the data sheet of a particular collector. 
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The efficiency of the collectors is also developed on the basis of mean fluid temperature Tm 







  (2.26)  
Ti  and To are the water temperature at the collector inlet and outlet respectively. The 
efficiency equation is then represented by, 
   
2
0





    (2.27)  
The efficiency of the flat plate collector can also be expressed by the same equation as 
Equation (2.27). 
 
2.3 Hot water pipes 
The hot water pipes required to transport water to and from the solar collectors are designed 
and simulated based on the recommendation of International Energy Agency – Solar Heating 
and Cooling Task 32 (IEA SHC - Task 32 Subtask A) [69] as this guideline provides a legal 
framework for energy technology research and development (R&D) and deployment. 











the pipe outside diameter ,pipe od  is, 
, , 3pipe o pipe id d c   (2.29) ) 
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and diameter of the insulated pipe dpipe,iso is, 
, , , 4max(3 ,  )pipe iso pipe i pipe id d d c   (2.30)  
In equations (2.28), (2.29) & (2.30); dpipe,i , dpipe,o , dpipe,iso are expressed in meters and cm  is 






, 3 0.002c  m 
and 4 0.04c  m. 
The water flow rate is selected following ASHRAE Handbook for HVAC applications [12]. 
Based on the recommendation of ASHRAE, the water flow rate should be maintained from 
0.01 l/s to 0.027 l/s per m
2
 of collector aperture area.  
The heat loss through the pipe is considered as  
 ,pipe p p w p envQ U A T T   (2.31)  
Where, Up is heat loss coefficient through the pipe wall in W/(m
2
 ˚C), pA  is the area of the 
pipe surface, ,w pT  is hot water temperature inside the pipe in ˚C and envT  is respective 
environment temperature of the pipe in ˚C. The heat loss coefficient through the pipe Up is 
then determined based on the thermal resistance of the pipe wall denoted as Rpipe [69]  
1, 2, 3,pipe pipe pipe pipeR R R R    (2.32)  
where, 




( ln(  )) / 2
pipe o





   (2.33)  
2, pipeR  is the resistance to heat transfer through the insulation of the pipe 






( ln(  )) / 2
pipe iso





   (2.34)  
3, pipeR  is the summation of two convection heat transfer resistances (i) between insulation 












   (2.35) ) 






 , when  Up 
& R  are expressed in W/(m2 ˚C) and m2 ˚C /W respectively.  
 
2.4 Storage tank 
Similar to the above section, heat losses in the heat storage system need to be calculated by 
following IEA SHC-Task 32 [69]. The storage tank of the prepared model accounts for the 
following [40] heat losses to the environment - through the top of the storage tank,  the sides 
of the storage tank, the bottom of the storage tank and stagnant fluid in the heat exchanger. 
The storage tank volume is assumed to be divided into 5 imaginary isothermal nodes. The 
nodes in the storage tank can thermally interact via conduction between nodes.  The 




.( ) .( )w j j j w j j j
cond j
cond j cond j
A T T A T T
Q
L L
   

 
   (2.36)  
where ,cond jQ  is heat conduction, jA is the area where the heat condition occurs, ,cond jL  is the 
thickness of the water volume, jT  is the hot water temperature at node “j” and w  is thermal 
conductivity of water. 
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The tank also interacts thermally with its environment through heat losses (or gains) from the 
top, wall (edges) and bottom areas. The heat transfer from the top, bottom and wall of the 
storage are:  
, , stor.( )top stor top stor envQ U T T   
, , stor.( )bot stor bot stor envQ U T T   
, , stor.( )wall stor wall stor envQ U T T   
(2.37)  
where , , ,,   and top store bot store wall storeU U U are heat transfer coefficients from the hot water 
storage tank to the environment at the top cap, at the bottom cap and at the wall of the tank, 
Tstor  is the hot water temperature inside the tank and envT  is the environmental temperature in 
˚C. 
The overall heat loss is the combination of , , ,,   and top stor bot stor wall storQ Q Q , 
stor stor stor.( )envQ U T T   
(2.38)  
where storU  is overall heat transfer coefficient from the tank to the environment, and it is 
defined as  [69], 
stor  . .( )   A B wall capsU F F UA UA   
(2.39)  
where,  FA is a correction factor of heat losses from store that accounts for imperfect 
insulation and heat bridges [69]: 
0




    (2.40)  
Vstor is the volume of hot water storage tank in m
3
 and V0 = 1 m
3
.   
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FB is an additional constant factor set by the user for the correction of the heat loss 
coefficient. This factor has been introduced for the simulation of less/more perfect insulated 
stores or more/less insulation thickness.  In the prepared simulation model the value of FB is 
taken as 1.7.  The heat transfer rate from storage sidewalls to environment, 





 (2.41) ) 
where storA  is the area of the storage tank that is defined as ,. .stor stor i storA d H ;  
dstor,i is the inner diameter and storH  is height of storage tank. The thermal resistance of the 
storage edge Rwall is the summation of 3 resistances:  
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where 1,wallR  is the heat resistance through the wall thickness, 2,wallR  is the heat resistance 
through the insulation thickness and 3,wallR  is the combination of two convection heat transfer 
resistances (i) between storage insulation and the ambient condition and (ii) between storage 
wall and the fluid inside.
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In the above equations, dstor,i  and dstor,o are the inside and outside diameters of the storage 
tank respectively; dstor,iso is the diameter of the insulated tank. They can be expressed by the 
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where ,stor wall  and ,stor iso  are the thicknesses of storage wall and storage insulation 
respectively.
 
Assuming the top cap and the bottom cap have the same cross sectional areas and resistances, 
the heat transfer coefficient capsUA  can be expressed as  






























2.5 Economic analysis 
The solar hot water plant of the current study can be utilized in any low temperature 
application, e.g. to provide necessary heat for the domestic hot water application. However, 
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in the SERIS’ laboratory, a solar collector field is designed to provide the heat required for 
the regeneration of desiccant/sorptive material in ECOS (Evaporatively COoled Sorptive 
system) dehumidification unit. Sorptive material (silica gel) in ECOS absorbs the moisture of 
the incoming ambient air. The heat released by this sorption process is compensated by 
evaporative cooling using the humid return air which results in reduction of desiccant 
temperature. Thus, ECOS not only dehumidifies the incoming ambient air, but also reduces 
its temperature. The solar thermal plant partially supplies the heat energy to regenerate the 
sorption materials and make them ready to absorb more moisture. A block diagram of the 











As observed in Figure 2.3, the heat exchanger consists of a bypass valve that is used to 
regulate the hot water flow through the heat exchanger coil in order to maintain the outlet air 
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temperature at the secondary output of the heat exchanger to a maximum set point 
temperature of 65˚C. A typical solar hot water plant (SHWP) consists of solar collectors, 
storage tanks, pumps & support structures, instrumentation, auxiliary heaters and 
miscellaneous items. Therefore, the total cost of the solar plant solarC  is taken as the 
summation of costs of all these components. 
, ,solar coll c stor stor pump ins aux miscC C A C V C C   
 
(2.47)  
Where, collC  is the cost of solar collectors per unit area in S$/m
2
, storC  is the cost of storage 
tank per unit volume in S$/m
3
, ,pump insC  is the cost of pumps, support structures and 
instrumentation in S$ and ,aux miscC  is the cost of auxiliary heater and miscellaneous items in 
S$. From experience, ,pump insC  has been taken as 10% of the costs of collectors and storage 
tank; then Equation 2.47 becomes, 
,0.1 ( )solar coll c stor stor coll c stor stor aux miscC C A C V C A C V C       
or, ,1.1 ( )solar coll c stor stor aux miscC C A C V C   
 
(2.48)  
To make an economic comparison between SHWP and a conventional electric heating plant, 
the current study utilized the idea of Capital Recovery Factor (CRF). A capital recovery 
factor converts a present value into a stream of equal annual payments over a specified t ime, 
at a specified discount rate (interest). Using an interest rate i, it can be calculated from the 
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where, n is the life cycle of plant in years. Thus the CRF can be interpreted as the amount of 
equal (or uniform) payments to be received for n years such that the total present value of all 
these equal payments is equivalent to a payment of one dollar at present, if interest rate is i. 
The general inflation rate j and electricity inflation rate e  are also taken into consideration 


















Annualized life cycle cost (LCC) of a SHWP is the summation of annualized capital cost of 
the plant and the annual cost of auxiliary energy and can be expressed as, 
( , )




LCC C CRF i n SF Q C
CRF i n





where, SF  is the solar fraction and eC  is the electricity cost required to produce unit energy 
in S$/kWh. Solar fraction can be defined as the ratio of amount of energy delivered by the 









The total required heat Qdemand can be determined from the below equation, 
,( )demand air air o air aQ m Cp T T 
 
(2.53)  
where,  airm  and airCp  are mass flow rate of air and specific heat capacity of air respectively, 
To,air is the hot air temperature entering the load (in current context: ECOS). 
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where, Cunit is the cost per unit energy in S$/kWh. 
Annualized life cycle savings (LCS) is the difference between annualized cost of 






LCS C CRF i n Q C LCC
CRF i n





Cconv is the cost of conventional energy plant in S$. 
Finally, the payback period (PBP) is determined which refers to the period of time required 
for the return on an investment to repay the sum of the original investment and is calculated 
by the following expression [53], 






One of the major objectives of this research is to optimize the parameters of the solar thermal 
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CHAPTER 3  EVACUATED TUBE COLLECTOR SYSTEM 
 
There are several types of solar collectors for solar heat conversion in the market, and an 
appropriate solar collector is selected based on the nature of the specific applications – low-
temperature applications and high temperature applications – to achieve the desired heat load. 
In this study, a solar collector system is especially designed for the application of thermally 
driven desiccant air dehumidification system, i.e., the Evaporatively COoled Sorptive 
(ECOS) desiccant dehumidifier, in Singapore. Thus, a hot water temperature in the range of 
60 - 80˚C would be necessary. For such applications, Flat Plate Collector (FPC) and Evacuate 
Tube Collector (ETC) are commonly and widely used. In this study, the ETCs were selected 
for installation. 
3.1 Experimental setup 
Experimental test facilities of a solar thermal system were installed in a laboratory of the 
Solar Energy Research Institute of Singapore (SERIS). The schematic of the system is 
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In Figure 3.1, type numbers represent the particular components in TRNSYS simulation 
model. The component parameters are defined and the types provide required outputs 
corresponding to specified inputs. 
The system comprises  
(i) Five sets of evacuated tube solar collectors (brand: Beijing Sunda SEIDO 1-16) 
having a total of 15 m
2
 aperture area,  
(ii) A hot water storage tank (brand: Beasley) of 0.315 m3,  
(iii) A heat exchanger to transfer heat from hot water to the incoming air,  
(iv) Two water flow pumps (brand: Lowara) each of 0.37 kW. 
 
Figure 3.2 Evacuated tube collectors installed at the rooftop of SERIS laboratory 
The solar collector field is divided into two sections- connected in parallel. Three sets of 
collectors are connected in series to form a section. Another section consists of two sets of 
collectors connected in series. All the collectors are south oriented with a 20˚ inclination that 
offers passive cleaning of collector surface by rain. 





Figure 3.3 (a) Water flow pumps with variable speed drive; (b) Hot water storage tank; 
installed at the laboratory of SERIS. 
Each pump is installed with a variable speed drive (VSD) so that the water flow rate can be 
controlled based on the system requirement. Instead of using conventional Programmable 
Logic Control (PLC), a Graphical User Interface (GUI) of the solar thermal system is 
developed in the LabVIEW environment. The LabVIEW offers object-oriented Virtual 
Instrumentations (VIs) that are designed mimicking practical hardware devices for the 











Figure 3.4 (a) Resistance Temperature Detectors (RTD - PT 100) (b) Burkert flowmeter 
(c) Kipp & Zonen CMP3 pyranometer and (d) National Instruments data logging module 
installed at the flat plate collector system. 
 
Sensors are installed at appropriate locations to monitor and record experimental data. For 
temperature measurement, Resistance Temperature Detectors (RTD) of PT 100 (a platinum 
RTD with a typical resistance of 100 Ω at 0˚C) are used. From the measured data, it is 
observed that the ambient temperature is in the order of 35 to 40 ˚C at the roof top during a 
sunny mid-day in Singapore. For verification, measured RTD temperature data is compared 
with the data of a weather station located at the same roof top. 






Figure 3.5 (a) Temperature sensor of the weather station. (b) Ambient temperature 
sensor installed for collector analysis. 
It is noted that the ambient temperature, recorded by the installed RTD sensor, is about 2 to 
4˚C higher than the weather station’s data. It is also observed that the location of RTD sensor 
(about 0.5 m from roof) is closer to the roof than the weather station sensor (about 2.0 m from 
roof). The location of the RTD sensor may cause higher temperature reading for the RTD 
sensor. However, the tilted solar collectors of the experimental setup have a maximum height 
of 1m from the rooftop. For this reason, the RTD sensor data is considered approximately 
correct for the analysis of the solar thermal collectors. 
Burkert flow meter and Kipp & Zonen pyranometer are used to measure water flow rate and 
solar irradiance respectively. All the sensors were calibrated by the manufacturers before use 
and the experiments were conducted within their calibration validity period. National 
Instruments (NI) data logging modules are used for real time monitoring and recording of 
data and at the same time controlling operation parameters by the program written in 
LabVIEW environment.  
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The experimental errors of different sensors and data logging modules are given in Table 3.1. 
The total error of a particular measurement is assumed to be the summation of sensor errors 
and the error of the data logging module.  
Table 3.1 Experimental error of sensors and data logging modules 
Equipment Error 
RTD (PT 100, 0 ~ 250˚C) ± 0.3˚C 
Flow meter (Burkert 8035T) ± 3% 
Pyranometer (Kipp & Zonen- CM 3) ± 2.5% 
Data logging Module NI 9217 for RTD ± 0.35˚C 
Data logging Module NI 9265 for Flow meter ± 0.25% 
Data logging Module NI 9208 for pyranometer ± 0.76% 
 
3.2 Simulation with TRNSYS 
In the TRNSYS 17 simulation environment, the solar thermal system, including the 
evacuated tube solar collectors, the hot water storage tank and the pipe connection between 
the collector field and the storage tank, was established by implementing the above 
mentioned mathematical modeling. Figure 3.6 shows the system model in the TRNSYS 
environment.  
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In Figure 3.6, water from the two sections of collectors (Collector-1 and Collector-2) flows 
through the pipes into the storage tank (Store). Pump-1 is the heat exchanger pump that draws 
water from the tank and feeds it to the heat exchanger. A water-to-air heat transfer occurs in 
the heat exchanger and finally the water is taken back to the tank. The collector pump (Pump-
2) extracts water from the tank and pumps it to the collector for heating it again and that 
closes the loop. 
Different physical components are defined by certain types in TRNSYS 17 (see Figure 3.6) 
for the proposed model as given in Table 3.2. 




Data reader Type 9e 
Reads data (Singapore meteorological data provided by 
SERIS) at regular time intervals from a data file, 
converts it to a desired system of units, and makes it 
available to other TRNSYS components as time-varying 
forcing functions 
Pumps Type  110 
Two pumps – one for the solar collector field and another 
for the heat demand side. 
Forcing function Type 14h 
Performs as the control function that schedule/plan to 
operate the solar thermal system. 
Solar collectors Type 832 
The solar collector model for solar thermal energy 
harvesting. 
Hot water storage 
tank 




A flow diverter to split the flow according to a user 
specified valve setting into two liquid outlet streams. 






A flow mixer to mix the two inlet flow streams together 
to a single liquid outlet stream. 
Pipes Type 31 
Hot water pipes to simulate transportation of water to 
and from the collectors. 
Water-to-air heater Type 670 
A heat exchanger to provide the solar heat to the demand 
side. 
 
As in Figure 3.6, every component is linked with other components to simulate the closed 
loop solar thermal system. Density and specific heat capacity of the fluid (i.e., water) are 
taken as 983 kg/m
3
 and 4.18 kJ/(kg K) respectively. The air density is taken as 1.15 kg/m
3
.  
Following ASHRAE standard [12], the minimum water flow rate through the collector is 
maintained at 0.01 l/s per m
2
 of the collector area. To satisfy this value the inside diameter of 
the pipe is selected based on Equation (2.28). The minimum inside diameter of the pipe is 
thus 19 mm. The parameters used in the simulation model are presented in Table 3.3 and in 
Table 3.5. 
Table 3.3 Parameters used for evacuated tube collector[70] 
Parameter Description Unit Value 
Ac,1 Aperture area of 1
st
 set of collector m
2
 9 
Ac,2 Aperture area of 2
nd
 set of collector m
2
 6 
η0 Optical efficiency - 0.694 
A Global heat loss coefficient W/m
2
 ˚C 2.118 
B 




 ˚C 2 0.004 
Cpc Effective thermal capacity J/m
2
 ˚C 4700 
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The biaxial Incident Angle Modifier (IAM) data for the collector sets are also obtained from 
the data sheet and are presented in Table 3.4. 
Table 3.4 Biaxial IAM data for evacuated tube collector [70] 
θ 0˚ 10˚ 20˚ 30˚ 40˚ 50˚ 60˚ 70˚ 80˚ 90˚ 
K t 1.00 1.00 1.01 1.04 1.07 1.06 0.99 0.86 0.61 0.00 
K l 1.00 1.00 1.00 1.00 1.00 0.98 0.95 0.86 0.61 0.00 
 
The data sheet of the evacuated tube collector, installed at the roof of i-Quest building of the 
Solar Energy Research Institute of Singapore (SERIS), was prepared based on the tests 
conducted by the Fraunhofer Institute for Solar Energy systems (ISE), Germany. The test 
procedure followed the European Standard EN 12975-1,2:2006 [71]- a unique standard that 
exists throughout Europe for solar thermal collector testing. 
 
Table 3.5 Parameters used for storage tank 
Parameter Description Unit Value 
Vstor Volume of storage tank m
3
 0.315 
Hstor Height of storage tank m 2 
Nnodes Number of tank nodes - 5 
tstor,wall Storage wall thickness m 0.02 
tstor,iso Storage insulation thickness m 0.3 
κstor,wall Thermal conductivity of storage wall W/m ˚C 40 
κstor,iso Thermal conductivity of storage insulation W/m ˚C 0.042 
hstor,o Outer heat transfer coefficient (from storage W/m
2
 ˚C 10 
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insulation to environment) 
hstor,i 




 ˚C 300 
 
3.3 Results & discussion 
Simulation is a powerful tool to design a system and understand its operation and component 
interactions. It provides a low cost solution of determining the optimum parameters for the 
system. However, there are limits to its use, since it is easy to make mistakes in preparing a 
simulation model, e.g. assuming erroneous constants, neglecting important factors may lead 
to a faulty design of the system. A clear knowledge about both the system and the simulation 
are necessary to produce correct and useful results. Furthermore, it is difficult to model 
different phenomena that exist in a real system, such as, leaks in pipeline, poor insulation, 
installation errors etc. For this reason, there is no substitute to a carefully executed 
experiment. A combination of simulation and physical experiments can lead to better systems 
and better understanding of how process works [10]. 
 
3.3.1 Validation of the simulation model 
In order to validate the prepared simulation model under investigation, the simulation results 
of two different dates were compared with the experimental data. 
In the model, the following independent parameters, which were measured during the 
experiments, are used as inputs- 
i. Ambient temperature (Ta) 
ii. Solar irradiance on the tilted collector surface,(G) 
iii. Demand side pump flow rate 
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iv. Collector pump flow rate 
v. Air flow rate through the heat exchanger, ( airm ) 
Figure 3.7 to Figure 3.16 show the comparison between the simulation and experimental data 
of two different days (30 July and 2 August in 2012). Simulation and experimental results are 
represented by the suffixes ‘sim’ and ‘exp’ respectively. The curves contain- 
i. Water temperature at collector outlet (To) 
ii. Water temperature in the tank (Ttank) 
iii. Water temperature at heat exchanger outlet (Thxo) 
iv. Water temperature at collector inlet (Ti) 
 









































Figure 3.7 Solar irradiance and ambient temperature recorded on 30-Jul-2012 
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Figure 3.8 Comparison between simulation & experiment results of collector outlet 
temperature on 30-Jul-2012. 

























Figure 3.9 Comparison between simulation & experiment results of tank temperature on 
30-Jul-2012. 
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Figure 3.10 Comparison between simulation & experiment results of heat exchanger outlet 
temperature on 30-Jul-2012. 

























Figure 3.11 Comparison between simulation & experiment results of collector inlet 
temperature on 30-Jul-2012. 
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Figure 3.12 Solar irradiance and ambient temperature recorded on 2-Aug-2012 

























Figure 3.13 Comparison between simulation & experiment results of collector outlet 
temperature on 02-Aug-2012. 
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Figure 3.14 Comparison between simulation & experiment results of tank temperature on 
02-Aug-2012. 

























Figure 3.15 Comparison between simulation & experiment results of heat exchanger outlet 
temperature on 02-Aug-2012. 
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Figure 3.16 Comparison between simulation & experiment results of collector inlet 
temperature on 02-Aug-2012. 
 
From the comparison analyses, it is observed that the simulation results are in good 
agreement with the experimental results with a maximum deviation of ±3˚C in the afternoon. 
This slight systematic deviation, observed in the afternoon, is not taken into account in the 
analysis. The maximum deviation of the simulation results from the experimental data is 
presented in Table 3.6. 
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Table 3.6 Validation of the TRNSYS simulation model 
Output Maximum deviation 
Water temperature at collector outlet -2˚C to +3˚C 
Water temperature at the tank -3˚C to +1˚C 
Water temperature at heat exchanger outlet -1˚C to +2˚C 
Water temperature at collector inlet -1˚C  to +3˚C 
 
Thus, the simulation is well verified, and ready for further analyses. 
 
 
3.3.2 Optimization of the system 
The installed solar thermal system is to supply the required solar heat to the ECOS unit. 
However, it is observed that optimization is necessary to define the operation parameters of 
the solar thermal system – pump flow, solar collector storage capacity, and solar collector 
area – for year around operation to achieve low payback period with a high life cycle savings. 
The year around performance simulation of the installed solar thermal system has been 
carried out using the verified and calibrated (with respect to the fixed parameters) simulation 
model. The available solar energy and ambient condition data are provided by Solar Energy 
Research Institute of Singapore (SERIS). 
 
Demand 
In the year around simulation, the heat demand demandQ  (see Equation 2.53) is fixed based on 
the actual requirement of the regeneration purpose of the ECOS dehumidification unit. 
Additionally, we assumed that the ECOS dehumidification unit operates between 9:00 am to 
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6:00 pm daily. The ambient air needs be heated to a temperature of 65˚C with an air flow rate 
of 200 Kg/hr.  
 
Optimization of flow rate 
In this system there are two pumps, namely the collector pump and the heat exchanger pump. 
On the collector side, the collector pump takes the return water and supplies it to the 
evacuated tube collectors for heating. On demand side, the heat exchanger pump supplies the 
hot water from the storage tank to the water-to-air heat exchanger for heating up the 
regeneration air of the ECOS unit. 
In order to avoid too high complexity of the experiments, the heat exchanger pump flow rate 
is kept fixed at a flow rate of 600 kg/h. Experimental data have been collected between 9:00 
am to 6:00 pm daily. For the optimization, it is assumed that the heat exchanger comes with a 
bypass line that is used to regulate the hot water flow through the heat exchanger coil (see 
Figure 2.3) in order to maintain the outlet air temperature at the secondary output of the heat 
exchanger to a maximum of 65˚C, which is set by the energy demand of the system. The flow 































Figure 3.17 Flow chart for the control of heat exchanger pump flow rate. 
 
However, the collector pump flow rate is determined considering various factors. The pump 
starts operating when the collector outlet temperature is higher than the storage bottom 
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1˚C. This is done to make sure that the tank temperature is not reduced by the collector outlet 
water, e.g. at night-time when the ambient temperature can be much lower than the tank 
temperature. The control strategy applied for the pump operation for the solar collector field 
















Figure 3.18 Flow chart for the control of collector pump flow rate. 
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According to ASHRAE [12], the fluid flow rate through the collector should be maintained 
between 0.01 to 0.027 l/s for every m
2
 of collector aperture area, which is ensured in the 
designed simulation model. The pump flow rate is regulated to achieve the collector outlet 
temperature of 90˚C, i.e. the pump runs at slowest speed to have increased collector outlet 
temperature and once the temperature reaches 90˚C, it starts regulating its speed to maintain 
that temperature. 
Optimization of collector inclination 
To optimize the collector tilt angle, year around simulation is carried out for different 
collector inclinations. Figure 3.19 presents the simulation output of solar fraction (SF) for 
different parameter sets – aperture area AC in the range of 6 to 24 m
2
, different collector tilt 
angles in the range of 0 to 40˚, and at a specific water volume of 0.02 m3/m2. The specific 
water volume means the ratio of storage water volume to the solar collector aperture area. 
 
Figure 3.19 Variation of solar fraction with tilt angle at different sizes of collector (SF= 
Solar fraction, Ac=Collector aperture area in m
2



























Collector inclination (°) 
Solar fraction variation with inclination angle for Vsp=0.02 m
3/m2 
SF @ Ac = 6m2 
SF @ Ac = 9 m2 
SF @ Ac = 12m2 
SF @ Ac = 15m2 
SF @ Ac = 18m2 
SF @ Ac = 21m2 
SF @ Ac = 24 m2 
SF @ Ac = 6m
2 
SF @ Ac = 9m
2 
SF @ Ac = 12m
2 
SF @ Ac = 15m
2 
SF @ Ac = 18m
2 
SF @ Ac = 21m
2 
SF @ Ac = 24m
2 
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Regarding to the solar fraction (SF), it is obvious that with the increasing aperture area, the 
amount of delivered energy increases, resulting in increase in solar fraction. Moreover, the SF 
decreases with high tilt angle of solar collector. It is because the simulation has been done for 
the Singapore climatic condition and Singapore is located at 1˚ North of the equator. Thus, 
the best solar fraction is observed at a collector slope between 0˚ to 10˚. However, in practice, 
heat pipe collectors should be mounted with a minimum tilt angle of 15-20˚ for the 
movement of internal two-phase fluid flow inside the heat pipe. Moreover, accumulation of 
dirt at the collector glass reduces its efficiency. A 20˚ tilt provides natural cleaning of the 
collector glass by rain and even by morning dew. Modern day collectors also have anti 
soiling coating which facilitates such process. That is why our evacuated tube collectors are 
optimized to have a tilt angle of 20˚ as recommended by the manufacturer. 
 






For the optimum tilt angle of 20˚, the solar fraction is plotted against the collector aperture 
area and is presented in Figure 3.20. The storage tank size is maintained at 0.02 m
3
 for every 
m
2




















Aperture Area (m2) 
Solar fraction vs aperture area curve for Vsp = 0.02 
m3/m2 
Solar fraction 
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radiation is increased. Thus the collector gain is increased and more energy is delivered by 
the system. That results in increase of the solar fraction, as solar fraction is the fraction of 
energy demand that is provided by the solar thermal system.  
Optimization of collector area and storage tank volume 
TRNSYS simulations are performed considering different sizes of the system. Optimization 
of the system parameters are done based on the economic analysis performed on the 
simulation results. A low payback period and a high life cycle savings are the main criteria 
for the optimization. 
Table 3.7 Parameters adopted for economic analysis 
Parameter Description Unit Value 
Ccoll,evac Cost of evacuated tube collectors per unit area S$/ m
2
 450 
Ccoll,FP Cost of flat plate collectors per unit area S$/ m
2
 250 
Cstor Cost of storage tank per unit volume S$/ m
3
 600 
Caux,misc Cost of auxiliary heater and miscellaneous items S$ 1200 
Cconv Cost of conventional energy plant S$ 1500 
n Life cycle of plant a 15 
i Interest rate - 5 
j Inflation rate - 2 
e Electricity inflation rate - 2 
Ce Electricity cost to produce unit energy S$/kWh 0.3 
airm  Mass flow rate of air kg/h 200 
airCp  Specific heat capacity of air kJ/(kg K) 1.005 
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An economic analysis is performed by using the equations stated in Section 2.5 Economic 
analysis. The payback period and life cycle savings of different sizes of systems are presented 
in Figure 3.21 and Figure 3.22 respectively. 
 
Figure 3.21 Variation of payback period with collector area and storage tank volume for 
the evacuated tube collector system 
 




Figure 3.22 Variation of annualized life cycle savings with collector area and storage tank 
volume for the evacuated tube collector system 
In Figure 3.21, the minimum payback period of 7.8 years is observed with the collector area 
of 9 m
2
 and storage tank volume of 0.09 m
3
. Oversizing the tank does not increase the solar 
fraction proportionally to the volume neither achieves a similarly increasing (proportional) 
higher overall plant efficiency. That is the reason behind such a small storage tank size and 
such a small system will save only S$790 per year. In the current study, the optimization is 
done to have a high LCS with a low PBP, i.e. to find a good compromise between LCS and 
PBP. Based on that, the optimum parameters for the evacuated tube collector system are 
selected as 15 m
2
 of collector area and 0.3 m
3
 of storage tank volume. Such an optimum 
system will have a payback period of 9.4 years and will provide LCS of S$1010 annually. 
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The system will supply 78% of the total energy demand of 6580 kWh /a with a cost of 
thermal energy of only 16¢/kWh. 
In a typical year in Singapore the energy flow through the optimum solar thermal system is 
presented in Figure 3.23. 

























Figure 3.23 Energy diagram of the optimized solar thermal system using evacuated tube 
collector in different months of a typical year in Singapore. 
 
As observed in Figure 3.23, the maximum radiation of 2200 kWh, incident on the collectors 
having an aperture area of 15 m
2
, is observed in the month of July. The collectors produce a 
gain of 1200 kWh. The system’s solar fraction is 93% in July and it is only 60% in the month 
of December. The annual average solar fraction of the system is 78%. The storage efficiency 
of the storage tank can be defined as the ratio of energy discharged by the storage to the 
energy supplied to the storage. The optimum system contains a storage tank of 0.3 m
3
 and 
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that operates at an annual average efficiency of 83%. The annual average system efficiency is 
25%, which is actually the ratio of energy delivered by the solar thermal system to the 
incident solar energy. The concept of solar thermal rating is introduced which develops a 
methodology to evaluate the long term performance of the renewable energy systems. In the 
current context, it can be defined as the amount of energy delivered by unit area of the solar 
thermal system in a year. The solar thermal rating of the optimum system is found to be 750 
kWh/(m
2
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CHAPTER 4  FLAT PLATE COLLECTOR SYSTEM 
 
One of the main focuses of this research work is to analyze the performance of solar thermal 
system in the tropical region. For low temperature applications, flat plate collector has been 
used for the last few decades. It is preferred for domestic hot water supply due to its low 
maintenance and long life time. 
 
4.1 Experimental setup 
In the rooftop of the laboratory of the Solar Energy Research Institute of Singapore (SERIS) 
a stand-alone flat plate collector system is installed in order to study its performance and 
optimize the solar thermal system with the flat plate collector. The system is designed in such 
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The system comprises  
(i) Flat plate solar collector (brand: Solahart) having a total of 1.87 m2 aperture area,  
(ii) A hot water storage tank (brand: Solahart) of 0.181 m3,  
(iii) A heat exchanger to transfer heat from hot water to the ambient (dummy load),  










Figure 4.2 Flat plate collector system with a storage tank; the collector tilted at an angle 
of  (a) 0˚, (b) 10˚ and (c) 20˚; installed at the rooftop of SERIS laboratory. 
 
A fixed water flow rate is maintained during the experiments. The flow rate is kept within the 
ASHRAE [12] recommended values of 0.01 to 0.27 l/(s m
2
) of collector aperture area. Hot 
water from the collector outlet flows directly to the horizontal storage tank. Water is drawn 
out from the tank and a heat exchanger (dummy load) transfers heat from the water to 
ambient air. The cold water is then returned to the flat plate collector for heating again and 
thus the cycle is completed. 
  
(a) (b) 
Figure 4.3 (a) Heat exchanger and (b) pump in the flat plate collector system 
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Six RTD (PT 100) sensors are used to measure ambient air temperature and water 
temperature at collector inlet, collector outlet, tank, heat exchanger inlet and heat exchanger 
outlet. Elector flowmeter and Kipp & Zonen pyranometer are used to measure water flow rate 
and solar irradiance respectively. Omron data logging system is used for recording and real 





Figure 4.4 (a) RTD (PT 100) (b) Elector flowmeter (c) Kipp & Zonen pyranometer and 
(d) Omron data logging module installed in the flat plate collector system. 
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4.2 Simulation with TRNSYS 
In order to study the performance of the flat plate collector, a TRNSYS simulation model of 
the system is prepared. Various TRNSYS components are used to simulate the system as 
mentioned in Table 4.1. 
 
Figure 4.5 TRNSYS simulation model of the flat plate collector system. ‘Red’ line 
represents hot water flow from the collector to the heat exchanger through the storage tank. 
‘Blue’ line is the water return to the collector via pump. 
 
 
As shown in Figure 4.5, a horizontal water storage is used in the simulation. The insulated 
tank has a volume of 0.181 m
3
, as mentioned in the experimental setup. The pump maintains 
a constant water flow rate within the system. 
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Data reader Type 9e 
Reads data at regular time intervals from a data file, 
converts it to a desired system of units, and makes it 
available to other TRNSYS components as time-varying 
forcing functions. 
Pump Type  110 Pump to maintain a water flow in the system. 
Solar collector Type 832 
The solar collector model for solar thermal energy 
harvesting. 
Storage tank Type 533 A horizontal cylindrical thermal storage tank. 
Pipe Type 31 
Hot water pipe to simulate transportation of water to and 
from the collectors. 
Heat exchanger Type 670 
A sensible water-to-air heat exchanger to provide the solar 
heat to the demand side (in this case to the ambient air). 
Plotter Type 65 
Online graphic component to display selected system 
variables while the simulation is processing. 
Printer Type 25 
Produces output of selected system variables at specified 
intervals of time. 
 
Parameters of different components are taken from the certification sheet issued for Solahart 
flat plate collector by TUV Rheinland. The DIN CERTCO certification was issued following 
a test procedure recommended by EN 12975-2 [71]. 
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Table 4.2 Parameters used for flat plate collector system [72] 
Parameter Description Unit Value 
AC Aperture area of collector m
2
 1.87 
η0 Optical efficiency - 0.687 
a Global heat loss coefficient W/(m
2
 ˚C) 6.401 
b 
Temperature dependence of global 
heat loss coefficient 
W/(m
2
 ˚C 2) 0.014 
Cpc Effective thermal capacity J/(m
2
 ˚C) 14000 




4.3 Results & discussion 
Experiments were conducted on the flat plate collector system with the collector placed 
horizontally and also tilted at 10˚ and 20˚. The experimental data were used to validate the 
simulation model. Once validated the flat plate collector TRNSYS type was used in the 
previous simulation model of the SERIS’ solar powered dehumidification system to analyze 
the performance of flat plate collector in supplying regeneration heat to the desiccant 
dehumidifier. Thus, optimization of the solar thermal system with the flat plate collector is 
also studied. 
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4.3.1 Validation of the simulation model 
Inputs to the simulation: 
I. Ambient temperature (Ta) 
II. Total solar radiation on collector surface (G on right axis) 
III. Collector tilt angle 
IV. Collector pump flow rate 
V. Collector inlet temperature (Ti) 
The outputs compared (suffix ‘exp’ represents experimental and ‘sim’ represents simulation 
results) 
1. Collector outlet temperature (To_exp and To_sim) 
Figure 4.6 to Figure 4.8 show the comparison between simulation and experiment results for 
water temperature at collector outlet. 
Chapter 4  Flat Plate Collector System 
Page 72 
 
























































Figure 4.6 Comparison between simulation and experiment results on 20-Mar-2013 with 
water flow rate of 2.0 l/min and collector tilt angle of 0° 



















































Figure 4.7 Comparison between simulation and experiment results on 20-Dec-2012 with 
water flow rate of 2.0 l/min and collector tilt angle of 10° 
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Figure 4.8 Comparison between simulation and experiment results on 15-Mar-2013 with 
water flow rate of 2.0 l/min and collector tilt angle of 20° 
From the above 3 figures, it is observed that the simulation results are in good agreement 
with the experimental results having a maximum deviation of ± 2˚C. Furthermore, the model 
with the fixed collector parameters is validated for 3 different tilt angles of the collector. 
Hence the flat plate collector model is ready for further analyses. 
 
4.3.2 Optimization of the system 
The validated simulation model is now utilized to optimize the solar thermal system with flat 
plate collector. Demand from the solar thermal system remains the same, i.e., the ambient air, 
with a flow rate of 200 kg/h, needs to be heated to a temperature of 65˚C. The system needs 
to be run daily from 9:00 am to 6:00 pm for the whole year. Pump speeds are optimized in a 
similar way following ASHRAE [12] recommendation. As stated before, meteorological data 
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of Singapore, used for the year around simulation, are provided by the Solar Energy Research 
Institute of Singapore (SERIS). 
Optimization of collector tilt angle 
Singapore meteorological data, provided by SERIS, for 5 different tilt angles (0˚, 10˚, 20˚, 
30˚ and 40˚) are used as inputs to the prepared simulation model to analyze the year around 
performance of the collector under tropical condition. The simulation is performed on the 
solar thermal systems having different sizes of flat plate collector and a storage tank volume 
of 0.02 m
3
 for each m
2
 of collector area. 
 
 
Figure 4.9 Variation of solar fraction with tilt angle at different sizes of collector (SF= 
Solar fraction, Ac=Collector aperture area in m
2






The maximum solar fraction is found between 0˚ and 10˚ of collector tilt angle. For a tilt 
angle of 10˚, the increase in solar fraction with increased collector aperture area is presented 





















Collector inclination (°) 
Solar fraction variation with inclination angle for Vsp=0.02 
m3/m2 
SF @ Ac = 6m2 
SF @ Ac = 9 m2 
SF @ Ac = 12m2 
SF @ Ac = 15m2 
SF @ Ac = 18m2 
SF @ Ac = 21m2 
SF @ Ac = 24 m2 
SF @ Ac = 6m
2 
SF @ Ac = 9m
2 
SF @ Ac = 1 m
2 
SF @ Ac = 15m
2 
SF @ Ac = 18m
2 
SF @ Ac = 21m
2 















Although the flat plate collector can be operated at a horizontal inclination, a tilt of 10˚ is 
selected which will facilitate natural cleaning of collector surface. As mentioned before, 
accumulation of debris, dirt, soils etc. on the glass cover acts to slightly shade the underlying 
absorber, which results in reduction of collector efficiency. The modern anti soiling 
technology can work in either of two ways. The first idea is to prevent the soil from sticking 
to the cover in the first place. Wind and gravity can play vital roles in such cleaning process. 
They will make the soil slide off easily and prevent it from adhering to the surface cover. The 
second approach is to remove the soil using natural processes. Small amount of rain, even the 
morning dew, can wash away the soil and clean the surface cover. A combination of these 




















Aperture Area (m2) 
Solar fraction vs aperture area curve for Vsp = 0.02 
m3/m2 
Solar fraction 
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Optimization of collector area and storage tank volume 
Using the same parameters as mentioned in Table 3.7, the optimum parameters for the flat 
plate collector system are determined. The cost of flat plate collector is cheaper than the 
evacuated tube collector. On the other hand, the flat plate collector is less efficient at high 
temperatures when compared with evacuated tube collector. That is why, it is necessary to 
perform the economic analysis of the solar thermal system that will use flat plate solar 
collectors to supply the regeneration heat required by the desiccant dehumidifier unit.  
 
Figure 4.11 Variation of payback period with collector area and storage tank volume for 
the flat plate collector system 
 




Figure 4.12 Variation of annualized life cycle savings with collector area and storage tank 
volume for the flat plate collector system 
 
It is observed from Figure 4.11 and Figure 4.12, that a solar thermal system having collector 
area of 9 m
2
 and storage tank volume of 0.09 m
3
 will ensure the minimum payback period of 
7.4 years with a LCS of S$550 per year. Again, the reason behind such a small tank volume 
is that, neither solar fraction nor system efficiency increases proportionally to the increase of 
storage size. Maximum LCS of S$ 810 /a can be achieved with a solar thermal system 
containing 27 m
2
 of collectors and 0.81 m
3
 of storage tank. But the payback of this system 
will take 12 years. Finally the optimum parameters, determined for the solar thermal system, 
are 18 m
2
 as the area of flat plate collectors and 0.36 m
3
 as the total volume of storage tank. 
The optimum system will supply 3700 kWh/a of the total demand of 6600 kWh/a with a solar 
fraction of 56%. The cost of energy will then become 20¢/(kWh). Moreover, such an 
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optimum system will have a payback period of 9.1 years and will provide LCS of S$750 
annually. 
Again the energy flow through the optimum solar thermal system in a typical year in 
Singapore is presented in Figure 4.13. 
 

























Figure 4.13 Energy flow diagram of the optimized solar thermal system using flat plate 
collector in different months of a typical year in Singapore. 
 
For the optimum solar thermal system with the flat plate collectors, the maximum solar 
fraction of 70% is achieved in the month of July and the minimum solar fraction of 41% is 
observed in December. The annual average solar fraction is 56% and system efficiency is 
14%. The solar thermal rating of the optimum system is found to be 500 kWh/(m
2
 a) at an 
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average collector outlet temperature of 47 ˚C. A comparison between the optimum solar 
thermal systems containing evacuated tube collector and flat plate collector is presented in 
Table 4.3. 
Table 4.3 Comparison between optimum evacuated tube and flat plate collector system 
Parameters Unit Evacuated tube 
collector system 




 15 18 





Collector tilt angle ˚ 20 10 
Incident solar energy kWh/(m
2
 a) 1380 1430 
PBP a 9.3 9.1 
LCS S$/a 1010 753 
Energy demand kWh 6580 6580 
Solar fraction achieved - 0.78 0.56 
Cost of thermal energy S$/kWh 0.16 0.20 
Solar thermal rating kWh/(m
2
 a) 748 @ 58˚C 491 @ 47˚C 
Average tank temperature ˚C 56 47 
System efficiency - 0.25 0.14 
 
From the above comparison, it can be concluded that, although evacuated tube collector 
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CHAPTER 5  DYNAMIC MODEL OF EVACUATED TUBE 
COLLECTOR 
 
The evacuated tube collectors installed at the laboratory of the Solar Energy Research 
Institute of Singapore (SERIS) is extensively studied with a dynamic model prepared by 
MATLAB simulation software. The purpose of this model is to understand the operation of 
the collector when exposed to solar radiation. This chapter also tries to find an approach to 
determine various collector parameters from measurements under non equilibrium conditions. 
 
5.1 Model description 
In the proposed model, the evacuated tube collector is assumed to be a direct flow collector, 
i.e., for simplification, it is assumed that water (instead of a refrigerant fluid) flows directly 
through the collector heat pipes for collecting heat from the absorbers. Although this 
assumption is far from the actual case, it is done to avoid the complexity that would occur in 
the evaporation-condensation process of the refrigerant fluid. The heat transfer fluid (water) 
flows in a copper U-tube which is welded to a narrow flat absorber. Thus, the inlet and the 



















Assumptions for the modeling: 
 There is no manifold where the water is heated up. Instead of a separate heat pipe 
fluid, water flows directly through the collector heat pipes. 
 The flow is unidirectional, along x-axis only. 
 Properties of glass and absorber are independent of temperature (constant). 
 Thermo-physical properties of the water are temperature dependent. 
 No heat is supposed to be transported in the fluid moving direction by heat 
conduction. 
 The effect of the varying incidence angle of the solar radiation on the collector 
performance is neglected. 
 The infrared emissivity of the sky is one (εsky=1). 
Figure 5.1 (a) The direction of water flow and flow of refrigerant fluid in an actual 
evacuated tube collector. (b) In an assumed model there is no separate refrigerant fluid. 
Water is assumed to flow through the heat pipes. (c) The U-pipes are further assumed to be 
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The model [73] consists of 3 thermal nodes, namely, the fluid (water), the absorber plate and 
the transparent glass cover. It is considered that the temperature of the fluid is a function of x 
and the fluid is moving in a single channel with a velocity u, along x - axis. 
A radiative heat transfer between the sky and the glass cover of ETC is taken into 
consideration. Convective heat transfer exists between the cover and the ambient. Since there 
is almost no medium (vacuum) between the cover and the absorber, the heat transfer between 
these two components is purely due to radiation. 
The equation, that describes the change of temperature of the glass cover Tg with time, is, 
4 4 4 4
,( ) ( ) ( )
g c g
g g g g sky g g a a g c g
c g c g
dT
Cp T T h T T T T
dt
 
    
   
     
 








Convective heat transfer 
Radiative heat transfer 
x 
Figure 5.2 Evacuated tube collector model. Tg, Tc, and Tf are the temperature of glass, 
absorber and fluid respectively. Ta is the ambient temperature and Tsky is the radiation 
temperature of the sky. 
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where subscript g stands for glass cover, sky stands for sky, a stands for ambient and c stands 
for absorber plate. T is the temperature in K, Cp is specific heat capacity in J/kg K, δ is the 
thickness in m, ρ is the density in kg/m3, h is the heat transfer coefficient in W/(m2 K), ε is 






The sky temperature of equation (5.1) can be obtained from the ambient temperature by using 
Swinbank’s formula [74], 
1.5




Again going back to the model, the absorber plate absorbs the solar radiation and transfers 
heat to the fluid (water in this case, based on the assumption) flowing through the tube. The 
governing equation describing the change of collector absorber temperature Tc is, 
4 4
,( ) ( ) ( )
c gc
c c c g c f c f c
c g c g
dT
Cp G T T h T T
dt
 
   
   
    
 
 (5.3)  
where subscript f stands for fluid (water); G is the solar irradiance in W/m
2
 and τα is the 
transmission-absorption coefficient of the system absorber. 
Finally the water temperature Tf , having a velocity u, is dependent on time and its position in 
the flow channel. 
2
,( ) ( )
4
f fin
f f in f c c f
dT dTd
Cp u d h T T
dt dx

     (5.4)  
where din is the diameter of the absorber tube containing the fluid in m. 
Now substituting, Cpgδg with Eg and Cpcδc with Ec from Equations (5.1) and (5.3) we get,  
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4 4 4 4
,( ) ( ) ( )
g c g
g g g sky g g a a g c g
c g c g
dT
E T T h T T T T
dt
 
   
   
     
 
 (5.5)  
4 4
,( ) ( ) ( )
c gc
c c g c f c f c
c g c g
dT




   
    
 
 (5.6)  
Equations (5.4), (5.5) and (5.6) can be solved using the finite difference method. The 
collector heat removal channel is modeled as a single fluid channel, which is divided into N 







From Figure 5.3, at any time t, the outlet temperature obtained from segment xk-1 is the inlet 
fluid temperature for segment xk and the final outlet temperature is Tf(k=1). Thus, at any time 





T T t k
T T t k N
 
  
 (5.7)  
Solving equations (5.4), (5.5) and (5.6), we can get the values Tf(t,k), Tg(t) and Tc(t) 
respectively.  
5.2 Parameter identification and validation of the model 
The proposed dynamic model is implemented by utilizing the MATLAB software (version: 
R2012a). A MATLAB simulation code is written to study the performance of the collectors. 
The code numerically solves the model using finite difference method and iteratively 
Figure 5.3 Cross section of a collector heat removal channel. Tf(k=1) is the water 
temperature entering the tube and Tf(k=N+1) is the water temperature leaving the tube at a 
constant flow rate ṁ corresponding to a constant velocity of the fluid u. 
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evaluates the temperature of all the components in each section of the solar collector along 
the flow direction. 
For the experimental validation of the model, a constant mass flow rate is maintained during 
the experiments and used as a constant input to the simulation. Parameters which are 
physically measured or obtained from the material or fluid properties table are presented in 
Table 5.1. 
Table 5.1 Constant parameters adopted in the simulation 
Parameter Description Unit Value 
AC Aperture area of collector m
2
 15 
L Length of flow channel m 350 














 K 9 
hf,c 




 K 13 
The density ρf and specific heat capacity Cpf of water are temperature dependent. In the 
model, at any time t, these parameters are determined for mean fluid temperature Tm at that 







   
The following time dependent experimental data are used as inputs to the simulation: 
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I. Ambient temperature [Ta(t)] 
II. Solar irradiance on collector surface [G(t)] 
III. Water temperature at collector inlet (entering the first segment) [Tf (t,k=1) = Ti(t) ] 
Now, for a successful validation, fluid temperature Tf(t,k=N+1) should be equal to the 
experimentally obtained water temperature at collector outlet To(t). A tolerance of 2˚C is 




















Input parameters: AC, L, ρg, ρc,G(t), Ta(t), 
Tf(t,k=1), u, hg,a, hf,c. 
 
Set initial collector parameters:  
Eg, Ec, εg, εc, din, τα. 
Run the model and check 
results after stabilization  
Mod (Tf(t,k=N+1)-
To(t))< 2 ˚C 
Adjust collector parameters 
Get the collector parameters for verification with 
experimentally measured data of different dates 
Yes 
End  
Figure 5.4 Process flowchart for parameter identification and validation of the model. 
The difference between the simulation and experimental results of collector outlet 
temperature must be less than 2 ˚C for the whole duration. 
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Using the measured data of one experiment date, the prepared model is run and the 
parameters Eg, Ec, εg, εc, din, and τα are determined. This process can be called parameter 
identification. In the second step the model is tested against the measured data of different 
dates using the values of the parameters obtained in the parameter identification process. This 
process is termed as validation of the model. 
5.3 Determination of efficiency 
From Equation (2.15), we find the efficiency of the collector as a ratio of the useful power 
gain  to the incident solar radiation power ( ), 
 
(2.15) 
where  is the efficiency,  is the solar irradiance in W/m
2
, and AC is the collector aperture 
area. Now the useful gain  depends on the temperature difference between the outlet and 
inlet water temperature of the collector by the following equation, 
( )u f o iQ mCp T T   (5.8)  









    (5.9)  
Since in a valid model To(t)= Tf(t,k=N+1) and Ti(t)= Tf (t,k=1), the efficiency of the collector 
at any time t is determined by the following equation, 
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In a stationary model, the collector efficiency is usually modeled as mentioned in equation 
2.27, 
   
2
0





    (2.27) 
One purpose of preparing this dynamic model is to find a way to determine the efficiency 
parameters η0, a and b of the stationary model. By applying a multiple linear regression 
method on the simulation results the coefficients can be determined. 
 
5.4 Results 
Results of the dynamic modeling of the evacuated tube collector can be divided into three 
sections. First section contains the parameter identification process in which the required 
collector parameters are determined. Section 5.4.2 shows the validation of the prepared 
model with all the collector parameters. The last section contains the determination of 
efficiency parameters of the stationary model (see Equation 2.27) from the validated dynamic 
model. 
 
5.4.1 Parameter identification 
Experimental results of 20-Mar-2013 are used in order to determine the collector parameters. 
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Experiment date: 20-March-2013 










































Figure 5.5 Ambient Temperature and solar irradiance recorded on 20-Mar-2013 between 
1:31 pm to 4:30 pm 
 
Figure 5.6 Comparison between simulation and experimental results of water 
temperature at collector outlet (Date: 20-Mar-2013 between 1:31 pm to 4:30 pm). These 
experimental data are used for parameter identification. 
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From Figure 5.6, it is observed that the result of the dynamic model does not differ much in 
the prediction of outlet temperature. The difficulty encountered in the initialization of 
absorber plate temperature. Thus at the beginning of the simulation, there is a significant 
difference in the predicted and actual temperature of water at the collector outlet. 
Furthermore, toward the end of the day there is a sudden drop in solar irradiance. Hence, in 
this parameter identification process the values between 30 min to 160 min are taken into 
consideration. 
From the dynamic model, values of different collector parameters are obtained, as presented 
in Table 5.2. 
Table 5.2 Collector Parameters obtained from the model 
Parameter Description Unit Value 
Eg 
Specific heat capacity times the 
thickness of the glass cover 
J.m/kg K 1.8 
Ec 
Specific heat capacity times the 
thickness of the absorber plate 
J.m/kg K 0.4 
εg Infrared emissivity of the glass cover - 0.9 
εc Infrared emissivity of the absorber - 0.08 
τα Transmittance-absorptance coefficient - 0.8 
din Diameter of the absorber tube m 0.01 
5.4.2 Validation of the simulation model 
For the validation, the prepared model is tested against measured data of 2 different 
experiment dates and checked if the simulation results of water temperature at collector outlet 
match with the experimental results of the same with allowed tolerance of 2˚C. The measured 
data of 13-April-2012 and 3-October-2012 are taken into consideration. 
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Experiment date: 13-April-2012 










































Figure 5.7 Ambient temperature and solar irradiance recorded on 13-Apr-2012 between 
11:16 am to 2:15 pm
 
Figure 5.8 Comparison between simulation and experimental results of water 
temperature at collector outlet (Date: 13-Apr-2012 between 11:16 am to 2:15 pm). The 
figure gives an indication of the accuracy of applied model. 






























Figure 5.9 Variation of mean water temperature inside the collector Tm(t), glass cover 
temperature Tg(t) and absorber temperature Tc(t) (Date: 13-Apr-2012 between 11:16 am to 
2:15 pm). 
Experiment date: 3-October-2012










































Figure 5.10 Ambient temperature and solar irradiance recorded on 3-Oct-2012 between 
12:01 pm to 3:00 pm 

































Figure 5.11 Comparison between simulation and experimental results of water 
temperature at collector outlet (Date: 3-Oct-2012 between 12:01 pm to 3:00 pm). The figure 
gives an indication of the accuracy of applied model. 
 
Figure 5.12  Variation of mean water temperature inside the collector Tm(t), glass cover 
temperature Tg(t) and absorber temperature Tc(t) (Date: 3-Oct-2012 between 12:01 pm to 
3:00 pm) 
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In Figure 5.7, a sharp drop in solar irradiance is observed at 12:39 pm on 13-April-2012. A 
quite similar dip is observed at 1:34 pm on 3-October-2012 (see Figure 5.10). The possible 
explanation of such dips is cloud shadowing; as small cloud passes by, it creates a shadow on 
the pyranometer for a very small amount of time. For verification, the irradiance data 
recorded by a separate pyranometer installed at the same roof top were studied and similar 
sharp drops were observed. 
From Figure 5.8 and Figure 5.11, it can be seen that the simulation results are in good 
agreement with the experimental results. Neglecting the results of first 30 minutes (time taken 
for stabilization), the maximum difference between the simulation and experimental results of 
water temperature at the collector outlet is within ±1.5˚C. Hence the collector parameters 
obtained in section 5.4.1 are accepted in this study and the prepared simulation model is 
ready for further analyses. 
Moreover, in Figure 5.9 and Figure 5.12, it is observed that the absorber of the collector 
attains the highest temperature among all the components and the glass cover temperature 
does not vary much throughout the experiment duration. The reason is, due to the vacuum 
between the absorber and the glass cover, only radiative heat transfer takes place between 
these two. The absorber mainly transfers heat to the water flowing through the tube; that 
causes the rise of water temperature. The radiative heat transfer between the glass cover and 
the sky, though considered, is negligible. The heat transfer between the glass cover and the 
ambient environment is by convection and that also contributes to the small variation of glass 
cover temperature. 
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5.4.3 Determination of efficiency parameters 
The MATLAB model is then utilized to determine the parameters of the stationary model 
(see Equation 2.27). In order to accomplish this, constant input parameters are used in the 
simulation. The constant input parameters are, 







(b) Ambient temperature (Ta (t)= 298 K)  
(c) Water temperature at collector inlet (Tf (t,k=1)) 
The simulation is performed for different collector inlet temperatures Tf (t,k=1) under a 
particular solar irradiance G(t). In every case, the collector outlet temperature Tf (t,k=N+1) is 
obtained from the simulation, which is then utilized to determine η and (Tm-Ta). 
Finally the collector efficiency, η is plotted against (Tm-Ta) for 3 different irradiance values. 
The simulations are performed considering collector aperture area of 1m
2
. 
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 G = 1000 W/m2
 G = 700 W/m2
 G = 400 W/m2
 
Figure 5.13 η vs (Tm-Ta) curve for unit aperture area and different solar irradiance values 
 
The simulation results give the values of η at different (Tm-Ta)/G values. Again from Equation 
(2.27), 
   
2
0





    (2.27) 
The equation (2.27) is now considered for a multiple linear regression analysis in order to 
determine the coefficients η0, a and b. Linear regression is a widely used approach to 
establish a relationship between the dependent variable (in the current context η) and one or 
more independent variables (in the current context 









 ). Since in the 
current study, there are 2 independent variables in the regression equation, the method is 
called multiple linear regression. Coefficients η0, a and b represent the type and strength of 
Ta = 25 ˚C 
ṁ= 0.01 kg/s 
AC = 1 m
2
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relationship the independent variables have with the dependent variable. There are several 
criteria of determining these coefficients. The least squares approach is the one used in the 
current study. Such an approach acts by minimizing the sum of squared residuals- a residual 
is the difference between the observed value and the value provided by a model. Applying the 
least squares approach in MATLAB R2012a, the coefficients η0, a and b are determined and 
presented in Table 5.3, 
Table 5.3 Efficiency parameters from the model 
Parameter Unit Values from the model 
ηo - 0.682 
a W/(m
2







To quantify the model performance, the coefficient of determination R
2
 is derived from the 
regression equation whose value ranges from 0 to 100%. The closer its value to unity, the 
greater is the accuracy of the regression result. The parameter values presented in Table 5.3 
are obtained with a R
2
 value of 0.99 and a root mean square error (RMSE) of 0.017. 
Finally the output power of the collector can be estimated for different solar irradiances. We 
can rewrite Equation 2.15 as, 
u CQ G A    (5.11)  
A reference power Pref can be introduced which will give the power output for unit aperture 
area (AC = 1 m
2
) of a collector. Pref for different solar irradiances is presented in Figure 5.14. 
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 G = 700 W/m2








































Figure 5.14 Power output from unit aperture area under different solar irradiance values. 
 
Thus the output of the tested evacuated tube collector having an aperture area AC can be 
determined from the following equation, 





Ta = 25 ˚C 
ṁ = 0.01 kg/s 
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CHAPTER 6  CONCLUSION 
 
The solar thermal collector system is optimized to provide the heat required for the 
regeneration of desiccant in the dehumidification process of the Evaporatively COoled 
Sorptive (ECOS) dehumidifier. The system is optimized to operate in the tropical region and 
Singapore meteorological data provided by the Solar Energy Research Institute of Singapore 
(SERIS) are used in the simulation. The major outcomes of this thesis are: 
 Experiments on both the evacuated tube collector system and the flat plate collector 
system were conducted in the laboratory of the Solar Energy Research Institute of 
Singapore (SERIS). 
 Simulation models were prepared in TRNSYS simulation environment for both the 
evacuated tube collector system and the flat plate collector system. 
 The experimentally measured data were utilized to validate the simulation models. 
Once validated, the system parameters were altered to find out the optimum sizing of 
the system. 
 Singapore, being located at about 1˚ north, is considered to experience a typical 
tropical condition. Economic analysis, based on the pricing in Singapore, was 
performed on the simulation model to determine the optimum system parameters. It is 
found that an optimum solar thermal system consisting of evacuated tube collectors 
should contain collectors having an aperture area of 15 m
2
 and a storage tank with a 
volume of 0.3 m
3
. If the same system is to be optimized with the flat plate collectors, 
the collector aperture area needs to be 18 m
2
 and the storage tank volume should be 
0.36 m
3
. It is observed that the optimum flat plate collector system, even though has 
more collector area than that of the evacuated tube collector system, can provide only 
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56% of the total annual energy demand of 6500 kWh. On the other hand evacuated 
tube collector system, due to its higher efficiency, can achieve an annual average solar 
fraction of 78%. 
 A dynamic model of the evacuated tube collector was prepared using MATLAB 
simulation environment. 
 The MATLAB simulation result of water temperature at the collector outlet was first 
calibrated with the experimentally measured data and in this process, several collector 
parameters like the emissivity of the absorber, transmittance-absorptance product etc. 
were determined. It was found that the τα of the collector was 0.8 and the emissivities 
of the glass cover and the absorber were 0.9 and 0.08 respectively. The model with 
the fixed collector parameters was then validated with the experimentally measured 
data of different days. 
 The dynamic model could predict the temperature variation of different components 
of the evacuated tube collector with the variation in solar irradiance and ambient 
temperature. 
 Finally, the valid dynamic simulation model was used to determine the collector 
efficiency parameters of the stationary model and it was found that the optical 
efficiency was about 68.2%. 
There are still some aspects of this work which may be investigated further. Although the 
solar thermal system is optimized to provide the heat required by the special type of air 
dehumidification system, the model can be modified to meet any low temperature heat 
demand and to optimize the system in order to meet that particular demand. The system can 
also be optimized for any geographic location by using meteorological data of that location as 
inputs to the simulation.
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Optimization data for evacuated tube collector system 












 S$ S$/a - kWh/a S$/a S$/a S$/kWh S$/a a 
3 0.03 2704.8 194.8 0.18 1193.5 1615.3 1810.0 0.28 271.3 10.8 
6 0.06 4209.6 303.1 0.39 2539.0 1211.6 1514.7 0.23 566.6 8.0 
9 0.09 5714.4 411.4 0.55 3640.9 881.0 1292.5 0.20 788.8 7.8 
12 0.12 7219.2 519.8 0.67 4437.4 642.1 1161.9 0.18 919.4 8.5 
15 0.15 8724.0 628.1 0.76 5009.7 470.4 1098.5 0.17 982.8 9.6 
18 0.18 10228.8 736.5 0.83 5430.5 344.1 1080.6 0.16 1000.7 11.0 
21 0.21 11733.6 844.8 0.87 5731.8 253.8 1098.6 0.17 982.7 12.9 
24 0.24 13238.4 953.2 0.90 5951.1 188.0 1141.1 0.17 940.2 15.2 
27 0.27 14743.2 1061.5 0.93 6108.0 140.9 1202.4 0.18 878.9 18.1 
30 0.3 16248.0 1169.9 0.95 6223.8 106.2 1276.0 0.19 805.3 21.8 
3 0.06 2724.6 196.2 0.18 1203.7 1612.2 1808.4 0.27 272.9 10.8 
6 0.12 4249.2 305.9 0.38 2482.4 1228.6 1534.5 0.23 546.8 8.4 
9 0.18 5773.8 415.7 0.55 3605.7 891.6 1307.3 0.20 774.0 8.1 
12 0.24 7298.4 525.5 0.68 4483.9 628.1 1153.6 0.18 927.7 8.5 
15 0.3 8823.0 635.3 0.78 5124.5 436.0 1071.2 0.16 1010.1 9.4 
18 0.36 10347.6 745.0 0.85 5596.0 294.5 1039.5 0.16 1041.8 10.7 
21 0.42 11872.2 854.8 0.90 5915.8 198.6 1053.4 0.16 1027.9 12.5 
24 0.48 13396.8 964.6 0.93 6126.6 135.3 1099.9 0.17 981.4 14.7 
27 0.54 14921.4 1074.3 0.96 6281.7 88.8 1163.1 0.18 918.2 17.6 
30 0.6 16446.0 1184.1 0.97 6393.2 55.3 1239.4 0.19 841.9 21.1 
3 0.09 2744.4 197.6 0.18 1171.5 1621.9 1819.4 0.28 261.9 11.3 
6 0.18 4288.8 308.8 0.37 2431.3 1243.9 1552.7 0.24 528.6 8.8 
9 0.27 5833.2 420.0 0.54 3547.7 909.0 1329.0 0.20 752.3 8.4 
12 0.36 7377.6 531.2 0.68 4458.1 635.9 1167.0 0.18 914.3 8.7 
15 0.45 8922.0 642.4 0.78 5139.3 431.5 1073.9 0.16 1007.4 9.6 
18 0.54 10466.4 753.6 0.86 5644.9 279.8 1033.4 0.16 1047.9 10.8 
21 0.63 12010.8 864.8 0.91 5984.0 178.1 1042.9 0.16 1038.4 12.5 
24 0.72 13555.2 976.0 0.94 6209.6 110.4 1086.4 0.17 994.9 14.7 
27 0.81 15099.6 1087.2 0.97 6366.7 63.3 1150.5 0.17 930.9 17.5 
30 0.9 16644.0 1198.4 0.98 6470.8 32.1 1230.4 0.19 850.9 21.1 
3 0.12 2764.2 199.0 0.17 1149.5 1628.4 1827.5 0.28 253.8 11.8 
6 0.24 4328.4 311.6 0.36 2388.4 1256.8 1568.4 0.24 512.9 9.1 
9 0.36 5892.6 424.3 0.53 3494.3 925.0 1349.3 0.21 732.0 8.7 
12 0.48 7456.8 536.9 0.67 4415.7 648.6 1185.5 0.18 895.8 9.0 
15 0.6 9021.0 649.5 0.78 5139.0 431.6 1081.1 0.16 1000.2 9.7 
18 0.72 10585.2 762.1 0.86 5667.0 273.2 1035.3 0.16 1046.0 10.9 
21 0.84 12149.4 874.8 0.91 6017.7 168.0 1042.8 0.16 1038.5 12.6 
24 0.96 13713.6 987.4 0.95 6248.7 98.7 1086.1 0.17 995.2 14.9 
27 1.08 15277.8 1100.0 0.97 6409.4 50.5 1150.5 0.17 930.8 17.7 
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30 1.2 16842.0 1212.6 0.99 6515.0 18.8 1231.4 0.19 849.9 21.4 
3 0.15 2784.0 200.5 0.17 1129.5 1634.4 1834.9 0.28 246.4 12.2 
6 0.3 4368.0 314.5 0.36 2353.0 1267.4 1581.9 0.24 499.4 9.5 
9 0.45 5952.0 428.5 0.52 3446.4 939.4 1367.9 0.21 713.4 9.0 
12 0.6 7536.0 542.6 0.67 4381.1 659.0 1201.6 0.18 879.7 9.3 
15 0.75 9120.0 656.6 0.78 5125.0 435.8 1092.4 0.17 988.9 10.0 
18 0.9 10704.0 770.7 0.86 5666.0 273.5 1044.2 0.16 1037.1 11.2 
21 1.05 12288.0 884.7 0.92 6029.4 164.5 1049.2 0.16 1032.1 12.9 
24 1.2 13872.0 998.8 0.95 6272.5 91.5 1090.3 0.17 991.0 15.1 
27 1.35 15456.0 1112.8 0.98 6432.8 43.5 1156.3 0.18 925.0 18.1 



















Month wise energy data for evacuated tube collector system 
Months Radiation Gain Storage charge Storage discharge Demand Delivered 
 kWh kWh kWh kWh kWh kWh 
Jan 1386.2 742.7 495.0 419.6 588.4 364.3 
Feb 1851.9 994.3 648.3 529.2 507.0 453.1 
Mar 1788.0 965.2 624.5 523.1 563.3 448.6 
Apr 1916.1 1050.4 656.8 556.1 531.5 472.0 
May 1915.4 1036.7 652.7 538.2 539.4 452.1 
Jun 1684.9 902.3 588.1 481.6 530.5 408.9 
Jul 2209.2 1177.6 754.2 592.0 537.3 498.8 
Aug 1888.0 1009.6 643.4 525.8 550.0 444.8 
Sep 1773.0 943.1 613.7 500.1 531.9 426.5 
Oct 1574.9 880.5 543.4 488.9 564.1 420.0 
Nov 1414.5 795.3 505.8 448.2 552.3 387.9 


















Optimization data for flat plate collector system 
   












 S$ S$/a - kWh/a S$/a S$/a S$/kWh S$/a a 
3 0.03 2044.8 147.2 0.13 870.6 1712.1 1859.3 0.28 222.0 10.0 
6 0.06 2889.6 208.1 0.26 1722.4 1456.6 1664.6 0.25 416.7 7.5 
9 0.09 3734.4 268.9 0.36 2350.4 1268.2 1537.0 0.23 544.3 7.4 
12 0.12 4579.2 329.7 0.43 2859.9 1115.3 1445.0 0.22 636.3 7.8 
15 0.15 5424.0 390.5 0.50 3267.7 993.0 1383.5 0.21 697.8 8.4 
18 0.18 6268.8 451.4 0.55 3600.3 893.2 1344.6 0.20 736.7 9.2 
21 0.21 7113.6 512.2 0.59 3872.8 811.4 1323.6 0.20 757.7 10.1 
24 0.24 7958.4 573.0 0.62 4109.9 740.3 1313.3 0.20 768.0 11.2 
27 0.27 8803.2 633.8 0.66 4310.9 680.0 1313.9 0.20 767.4 12.4 
30 0.3 9648.0 694.7 0.68 4486.7 627.3 1322.0 0.20 759.3 13.7 
33 0.33 10492.8 755.5 0.71 4643.0 580.4 1335.9 0.20 745.4 15.2 
36 0.36 11337.6 816.3 0.73 4777.2 540.1 1356.4 0.21 724.9 16.9 
39 0.39 12182.4 877.1 0.75 4901.9 502.7 1379.9 0.21 701.4 18.8 
42 0.42 13027.2 938.0 0.76 4993.8 475.2 1413.1 0.21 668.2 21.1 
45 0.45 13872.0 998.8 0.77 5082.5 448.5 1447.3 0.22 634.0 23.6 
3 0.06 2064.6 148.7 0.13 876.8 1710.3 1858.9 0.28 222.4 10.0 
6 0.12 2929.2 210.9 0.26 1699.7 1463.4 1674.3 0.25 407.0 7.8 
9 0.18 3793.8 273.2 0.36 2348.0 1268.9 1542.0 0.23 539.3 7.6 
12 0.24 4658.4 335.4 0.44 2878.2 1109.8 1445.2 0.22 636.1 7.9 
15 0.3 5523.0 397.7 0.50 3318.7 977.7 1375.3 0.21 706.0 8.5 
18 0.36 6387.6 459.9 0.56 3685.6 867.6 1327.5 0.20 753.8 9.2 
21 0.42 7252.2 522.2 0.61 3994.1 775.1 1297.2 0.20 784.1 10.0 
24 0.48 8116.8 584.4 0.65 4245.3 699.7 1284.1 0.20 797.2 11.0 
27 0.54 8981.4 646.7 0.68 4476.4 630.4 1277.1 0.19 804.3 12.1 
30 0.6 9846.0 708.9 0.71 4677.5 570.0 1279.0 0.19 802.4 13.3 
33 0.66 10710.6 771.2 0.74 4853.7 517.2 1288.4 0.20 792.9 14.6 
36 0.72 11575.2 833.4 0.76 5008.7 470.7 1304.1 0.20 777.2 16.1 
39 0.78 12439.8 895.7 0.78 5146.5 429.4 1325.0 0.20 756.3 17.8 
42 0.84 13304.4 957.9 0.80 5264.2 394.0 1351.9 0.21 729.4 19.7 
45 0.9 14169.0 1020.2 0.82 5367.5 363.1 1383.2 0.21 698.1 21.9 
3 0.09 2084.4 150.1 0.13 855.4 1716.7 1866.8 0.28 214.6 10.5 
6 0.18 2968.8 213.8 0.26 1682.4 1468.6 1682.3 0.26 399.0 8.0 
9 0.27 3853.2 277.4 0.35 2334.2 1273.0 1550.5 0.24 530.8 7.8 
12 0.36 4737.6 341.1 0.44 2869.4 1112.5 1453.6 0.22 627.7 8.2 
15 0.45 5622.0 404.8 0.50 3310.6 980.1 1384.9 0.21 696.4 8.7 
18 0.54 6506.4 468.5 0.56 3690.6 866.1 1334.6 0.20 746.7 9.4 
21 0.63 7390.8 532.1 0.61 4017.8 768.0 1300.1 0.20 781.2 10.2 
24 0.72 8275.2 595.8 0.65 4299.6 683.4 1279.2 0.19 802.1 11.1 
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27 0.81 9159.6 659.5 0.69 4542.1 610.7 1270.2 0.19 811.1 12.2 
30 0.9 10044.0 723.2 0.72 4744.2 550.1 1273.2 0.19 808.1 13.4 
33 0.99 10928.4 786.8 0.75 4931.4 493.9 1280.7 0.19 800.6 14.7 
36 1.08 11812.8 850.5 0.77 5094.6 444.9 1295.4 0.20 785.9 16.2 
39 1.17 12697.2 914.2 0.80 5238.1 401.9 1316.1 0.20 765.2 17.9 
42 1.26 13581.6 977.9 0.82 5362.8 364.5 1342.3 0.20 739.0 19.9 
45 1.35 14466.0 1041.6 0.83 5472.5 331.5 1373.1 0.21 708.2 22.1 
3 0.12 2104.2 151.5 0.13 841.3 1720.9 1872.4 0.28 208.9 10.9 
6 0.24 3008.4 216.6 0.25 1665.8 1473.5 1690.2 0.26 391.1 8.3 
9 0.36 3912.6 281.7 0.35 2318.4 1277.8 1559.5 0.24 521.8 8.1 
12 0.48 4816.8 346.8 0.43 2850.0 1118.3 1465.1 0.22 616.2 8.4 
15 0.6 5721.0 411.9 0.50 3302.4 982.6 1394.5 0.21 686.8 9.0 
18 0.72 6625.2 477.0 0.56 3687.9 866.9 1343.9 0.20 737.4 9.7 
21 0.84 7529.4 542.1 0.61 4023.3 766.3 1308.4 0.20 772.9 10.5 
24 0.96 8433.6 607.2 0.65 4304.9 681.8 1289.0 0.20 792.3 11.5 
27 1.08 9337.8 672.3 0.69 4555.7 606.6 1278.9 0.19 802.4 12.6 
30 1.2 10242.0 737.4 0.73 4774.2 541.0 1278.5 0.19 802.8 13.8 
33 1.32 11146.2 802.5 0.75 4960.3 485.2 1287.7 0.20 793.6 15.2 
36 1.44 12050.4 867.6 0.78 5128.0 434.9 1302.5 0.20 778.8 16.7 
39 1.56 12954.6 932.7 0.80 5276.1 390.5 1323.2 0.20 758.1 18.5 
42 1.68 13858.8 997.8 0.82 5402.3 352.6 1350.4 0.21 730.9 20.5 
45 1.8 14763.0 1062.9 0.84 5517.3 318.1 1381.0 0.21 700.3 22.8 
3 0.15 2124.0 152.9 0.13 829.1 1724.6 1877.5 0.29 203.8 11.3 
6 0.3 3048.0 219.5 0.25 1650.7 1478.1 1697.6 0.26 383.8 8.6 
9 0.45 3972.0 286.0 0.35 2300.6 1283.1 1569.1 0.24 512.2 8.4 
12 0.6 4896.0 352.5 0.43 2836.6 1122.3 1474.8 0.22 606.5 8.7 
15 0.75 5820.0 419.0 0.50 3289.3 986.5 1405.5 0.21 675.8 9.3 
18 0.9 6744.0 485.6 0.56 3672.4 871.6 1357.2 0.21 724.1 10.1 
21 1.05 7668.0 552.1 0.61 4008.3 770.8 1322.9 0.20 758.4 10.9 
24 1.2 8592.0 618.6 0.65 4301.7 682.8 1301.4 0.20 779.9 11.9 
27 1.35 9516.0 685.2 0.69 4553.4 607.3 1292.4 0.20 788.9 13.0 
30 1.5 10440.0 751.7 0.73 4777.7 540.0 1291.7 0.20 789.6 14.3 
33 1.65 11364.0 818.2 0.76 4972.3 481.6 1299.8 0.20 781.5 15.7 
36 1.8 12288.0 884.7 0.78 5139.5 431.4 1316.2 0.20 765.1 17.4 
39 1.95 13212.0 951.3 0.80 5290.6 386.1 1337.4 0.20 743.9 19.2 
42 2.1 14136.0 1017.8 0.82 5421.2 346.9 1364.7 0.21 716.6 21.3 
45 2.25 15060.0 1084.3 0.84 5537.8 312.0 1396.3 0.21 685.0 23.7 
 




Month wise energy data for flat plate collector system 
Months Radiation Gain Storage charge Storage discharge Demand Delivered 
 kWh kWh kWh kWh kWh kWh 
Jan 1748.1 473.6 357.5 289.5 588.4 250.4 
Feb 2298.6 662.7 488.6 380.9 507.0 327.8 
Mar 2215.5 630.3 463.6 366.8 563.3 314.8 
Apr 2306.3 687.3 503.4 400.0 531.5 342.8 
May 2285.0 682.7 504.0 400.7 539.4 341.4 
Jun 2028.4 582.6 431.6 340.9 530.5 290.9 
Jul 2707.0 793.2 575.1 439.4 537.3 375.3 
Aug 2291.1 654.6 481.6 380.9 550.0 325.6 
Sep 2257.2 626.4 462.6 361.9 531.9 309.3 
Oct 2002.1 579.5 420.5 348.1 564.1 298.8 
Nov 1799.9 524.7 388.1 314.5 552.3 270.6 















Solution of dynamic model equations of the evacuated tube collector 
The dynamic model of the evacuated tube collector contains 3 equations- equation (5.4), (5.5) 
and (5.6). The partial differential equations are solved using the implicit finite difference 
method. In this case, the time (t) and dimensional (x) derivatives are replaced by a forward 
and backward difference scheme, respectively as, 
( ) ( )
( , ) ( 1, )
q q q
f f f
dT T t t T t
dt t










 q = an index of g, c and f. 
 Now from equation (5.5), 
4 4 4 4
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 
   
   
     
 
 (5.5) 
which can be written as, 
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hr,g-sky can be termed as the radiative heat transfer coefficient between the glass cover 
and the sky. 
2 2
, ( )( )r g sky g sky g sky gh T T T T      (E.3) 
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and, hr,g-c is the radiative heat transfer coefficient between the glass cover and the 






c g c g
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Solving for glass cover temperature Tg(t+∆t), from equation (E.2) we get, 
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The absorber temperature can be obtained from equation (5.6), 
4 4
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 (5.6) 
The differential equation can be written as, 
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Solving for Tc(t+∆t), we get, 
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Finally the governing equation for estimating the water temperature, 
2
,( ) ( )
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dt dx

     (5.4) 
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The equation can be expressed as, 
,
( , ) ( , ) ( , ) ( 1, )
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